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1 . INTRODUCTION

1.1 PURPOSE

The utilization of excavated materials (muck) from tunnels can
produce both economic and environmental benefits. Economically, the
owner profits by reusing "waste" materials. Environmentally, unsat-
isfactory disposal practices are eliminated and marginal land areas
can be transformed into desirable locations for recreation, housing,
industry, and wildlife preserves. The purpose of this study is to de-
velop a workable approach to muck utilization for transit tunnels,
including cut and cover construction, in the urban area.

It is intended that muck utilization planning would be included
in the overall planning effort necessary for a transit system devel-
opment.

1.2 SYNOPSIS

The following is a brief synopsis of this investigation:

a. Traditional Practice of Muck Utilization . Sources for re-
view of current practice included literature, personal interviews, and
written surveys to firms and individuals. Three case histories were
selected for in-depth study of current muck utilization practice.

b. Methods of Tunnel Construction . A comprehensive review of
tunnel construction methods was undertaken in order to clearly define
the methods of muck production. Only those techniques affecting the
evaluation of muck chatacteristics were investigated. Future con-
struction procedures were studied for an indication of how the char-
acter of muck might change with developments in tunnel excavation.

c. Program of Subsurface Exploration . The current methods of
subsurface exploration and testing were reviewed from the perspective
of muck utilization planning. The need for additional field and lab-
oratory testing was also evaluated.

d. Potential Uses of Tunnel Muck . A thorough review of the
potential uses of tunnel muck, from landfill to concrete aggregate,
brick manufacturing and industrial raw materials was undertaken.
Those uses which showed promise as technical and economical solutions
to the problem of muck disposal were investigated in greater detail.
Methods for improving the engineering properties of tunnel muck were
also investigated.

e. Contingency Assessment . An evaluation of contingencies
relative to muck utilization revolved around three areas of concern:
subsurface conditions, methods of construction, and plans for utiliza-
tion .
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f. Muck Utilization Guidelines . A list of six guideline steps
was prepared for muck utilization.

g. Muck Utilization Coordinating Committee . An implementation
program was recommended for muck utilization. The program involves
selecting an acting committee to evaluate current and planned material
requirements, determining of one or more muck utilization schemes,
planning for their implementation, and preparing contract documents.

h. Handbook . A concise summary of the muck utilization plan-
ning concepts was written in a handbook format (the handbook is avail-
able) . A draft of the handbook was distributed for comment to various
transit authority personnel throughout the United States. Their com-
ments, as discussed herein, were evaluated and incorporated into the
handbook.

i. Case Study . The muck utilization planning concepts were
investigated for three metropolitan areas in the United States active-
ly planning rapid transit systems. Additionally, a trial case study
of the muck utilization guidelines was made for the Baltimore Region
Rapid Transit System - Phase I, Section A. As a result of the trial
case study, a muck utilization plan was written and incorporated into
the project contract documents.

1.3 TUNNEL MUCK - WHAT IS IT?

Tunnel muck consists of all materials removed from a tunnel dur-
ing the construction process. It includes soil or rock materials, ex-
cess water, and construction debris. The soil or rock material forms
the largest percentage of the muck and can vary from soft clay or in-
organic silt to the hardest of granite. Rain, water from construction
equipment, or groundwater seepage from completed protions of the tun-
nel, all contribute to excess water accumulating in the muck. Debris
includes all types of discarded equipment and materials used for con-
struction, such as concrete, wood, and steel.

The debris in tunnel muck usually comprises a very small percent-
age of the total volume. There are several sources for this debris
including in-situ fill, construction materials and miscellaneous
sources. A thick layer of fill is very common in urban areas due to
previous demolition or construction activities. This fill may form a
significant protion of the muck, especially in the early stages of a
cut and cover project. Construction materials accumulate in the muck
on a continuous basis as construction proceeds. Even small amounts of
debris can result in problems with muck utilization because it repre-
sents a deleterious substance in an otherwise natural material.

In addition to the in-situ materials through which the tunnel is
excavated, the muck characteristics depend also on the particular ex-
cavation methods employed. Tunnel construction is usually divided in-
to soft ground or hard ground classifications.
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Tunneling through soft ground gravels, sands, silts, and clays is
usually accomplished using shields which may or may not be equipped
with mechanical excavating equipment. Mining can also be accomplished
by manpower, using jackhammers, clay knives, and shovels. Soft ground
tunneling methods remold soil and drastically change its strength,
compressibility, and permeability characteristics from its undisturbed
in-situ state. These methods do not normally alter grain size, sur-
face texture, or chemical properties.

Tunneling through hard ground (rock) can be done by either con-
ventional drill and blast methods or by the newly developed tunnel
boring machine (TBM) . Rock fragmentation of drill and blast muck de-
pends largely on drill hole characteristics, amount and type of explo-
sive, blasting pattern, overall geometry, and rock mass characteris-
tics. Typically, the drill and blast muck ranges in size from 2 ft to
fine sand materials and the particles are generally very angular.
TBM's produce much smaller sized material and particles which are typ-
ically flat and elongated. Maximum dimensions typically range from 3

to 5 in. long by 2 in. wide and 1/2 to 1 in. thick. Particle sizes
are more frequently within the range of fine sand and sometimes clay.
Water is commonly used at the tunnel face for dust control measures;
the uses of detergents and rock softening chemicals are currently be-
ing investigated.
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2 . TRADITIONAL PRACTICE OF MUCK UTILIZATION

2.1 INTRODUCTION

Haley & Aldrich, Inc. investigated current practice and case
studies related to muck utilization in the urban rapid transit tunnel-
ing process. This section summarizes information obtained from a lit-
erature search of civil engineering, tunneling and construction jour-
nals; from a survey of tunnel contractors, engineers and owners; and
through interviews and written correspondence with people in the tun-
neling and materials processing industries.

2.2 MUCK UTILIZATION - HISTORICAL PERSPECTIVE

Great controversies and debates surrounded the early tunneling
ventures. The following quote, for example, is taken from a speech
delivered by Derby, a proponent of the Hoosac Tunnel and a decided op-
ponent of a tunnel beneath the Hudson River. The speech was delivered
at a special hearing convened in 1853 by the Massachusetts Legislature
to determine the worthiness of each project and thereby assign funds
[ 2 - 1 ]

.*

"And allow me to ask. What is to be done with the water
while this tunnel is driven fourteen hundred feet under the
oozy bed of the Hudson? Will there not be some percolation
here, Mr. Chairman? We are told, Sir, that the water will
occasion no difficulty; but did it cause none in the tunnel
under the Thames, that gigantic folly of England, which has
cost some four millions of dollars for no useful purpose? The
Thames at London Bridge, is but half the width of the Hudson at
Albany. But the water is to cause no inconvenience, Mr.
Chairman. I am, I confess, somewhat amused with the intense
solicitude of Cap. Swift, as to the water we may encounter in
tunneling the summit of the Green Mountains, and the composure
and equanimity with which he regards the same element when he
dives below a noble river, one of the great arteries of Com-
merce .

"

Ultimately the Hoosac Tunnel scheme was selected over the Hudson
River Tunnel.

The following sections provide a brief outline of two historical-
ly significant projects - the Thames Tunnel and the Hoosac Tunnel.

*Numbers in brackets [ ] refer to entries in Section 12-References.

2-1



2.2.1 Thames River Crossing

During the early 19th century about 3700 passengers were ferried
across the Thames River each day. A two-mile detour was required for
wagons to reach the opposite shore. As a result of the traffic de-
mands, Richard Treventhick attempted to build the first tunnel under
the Thames in 1817. After five years, however, the work was abandoned
[ 2- 2 ] .

In 1825, Marc Isambard Brunei proposed a scheme for tunneling un-
der the river, using a cast iron shield modeled after the actions of
the teredo, a notorious wood boring worm. Brunei and his son, Isam-
bard Kingdom Brunei, instituted techniques for underground and under-
water work which are, in principle, still used today [2-3].

Tunneling commenced in March 1825 from a brick lined shaft which
was lowered, caisson style, through the clay foundation soils on the
shore of the river. The shaft was 42 ft deep and 50 ft in diameter
with 3 ft thick brick lined walls.

According to job records, some of the clay excavated from the
shaft was taken to a nearby kiln, fired into bricks, and returned to
the site for use in the construction [2-4]. It appears, however, that
the volume of acceptable brick making clay encountered in the shafts
was not sufficient to supply the entire works, and Brunei opened other
local brick works [2-5]

.

The inventive Brunei must therefore be cred-
ited with adopting the earliest known muck utilization scheme for ur-
ban tunnels.

Brunei predicted strong blue clay under the river, based on bor-
ings taken along the route. The shaft excavation, however, encounter-
ed numerous pockets of sand and gravel, an indicator of trouble. The
sand and gravel apparently reduced the brick making efforts and also
contributed to several floods during the tunneling. The most serious
flooding accident claimed the lives of six tunnelers and nearly took
the life of Brunei's son.

The Brunels persisted and, despite construction difficulties and
financial setbacks, the tunnel was completed and fully lined in 1843.
During the first three months of 1843, more than one million visitors
walked through the tunnel. In 1865, the tunnel was purchased and con-
verted to a railroad tunnel. Eventually it was incorporated into the
London Underground.

2.2.2 Hoosac Tunnel

The Hoosac Tunnel is a great civil engineering accomplishment.
Since its construction through the Hoosac Mountains in western Massa-
chusetts between 1851 and 1875, the 4-3/4 mile route has been used as
a railroad tunnel. It is currently owned and operated by the Boston &

Maine Corporation.
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The rock through which the tunnel was excavated was reasonably
competent, except for several hundred feet of intensely weathered rock
at the west portal. All of the rock is metamorphic, progressing from
marble in the west to gneiss and schist in the east. The basic struc-
ture of the mountain is an anticline overturned slightly to the west
with low dips on the west flank and higher dips to the east. Ground-
water seepage into the tunnel during construction was considerable.

Contemporary geologists, most notably Professor Edward Hitchcock,
accurately predicted the tunnel geology except for the extremely poor
conditions at the west end. However, some of Professor Hitchcock's
construction predictions were erroneous. For instance, he predicted
that the tunnel would be as stable as a hole drilled through a piece
of wood. Eventually, 7600 ft, or 30 percent of the tunnel, had to be
lined with a brick arch. The bottom of the tunnel at the west end had
to be further supported with an inverted arch (referred to today
simply as the invert) . Another miscalculation by Professor Hitchcock
was his assumption that water could not possibly percolate in "solid"
rock to the level of the tunnel.

The original plan was to construct a single track tunnel, 12 ft
wide and 14 ft high. With time, however, it was realized that the in-
crease in railroad traffic would sonner or later necessitate a double
track tunnel. The expense of enlarging the tunnel under traffic was
avoided by increasing its size to approximately 26 ft in diameter dur-
ing original construction. It was not until the 1920's that the tun-
nel had to be enlarged again to accomodate larger locomotives and rol-
ling stock.

The Hoosac Tunnel has two shafts: the central shaft, which is
1030 ft deep and 22 by 14 ft in area; and the west shaft, which is 310
ft deep and 10 ft in diameter. Both shafts were used for construc-
tion, and the central shaft is still being used today for ventilation.
One of the greatest disasters during tunneling was a fire in the sur-
face structures of the central shaft, which took the lives of 13 men
working in the shaft.

The west shaft had to be constructed to obtain a working face at
the west end. The working conditions were difficult, and several
hundred feet of liner had to be constructed by cut and cover, prevent-
ing a productive working face from being established at the west por-
tal. The west shaft allowed work to proceed through the more compe-
tent, unweathered rock within the mountain, and approximately 350,000
tons of rock were removed at this location.

Contemporary planners were well aware of the potential for muck
utilization. A joint special committee of the Massachusetts Legisla-
ture conducted hearings in 1853 on a request by the railroad corpora-
tion for a loan of two million dollars to continue construction of the
tunnel. In the summary of that hearing, the committee ruled favorably
on the request and provided the following quotation relative to muck
utilization.
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"It is proposed to construct the tunnel with grades, de-
scending on either side from the centre, at the rate of twenty-
six feet per mile, which will facilitate drainage and the re-
moval of the rock from the outer faces, as the cars laden with
stone will run out by the power of gravity. It is also in-
tended to use the stone at the eastern end, to create a dam and
water power upon the Deerfield, and at each extremity to make
embankments with stone down the valleys of the Deerfield and
Hoosac [2-1 ]

.

"

More details on muck utilization are provided later in the con-
struction sequence when the engineers began to establish the alignment
of the railroad approaches to the tunnel. The following interesting
quotation was obtained from the 1867 Commissioner's report on the
alignment at the west end of the tunnel.

"It is understood that Mr. Manning, when at North Adams,
surveyed a route in conformity to this suggestion, but be-
lieving that a better line could be obtained, I deferred making
purchases of land until another survey could be made under my
direction, which resulted in the location of a line leaving the
Haupt Tunnel lower or farther west, with a view to use the
stone debris from the tunnel for embankment, and left a gravel
bank between the line and Manning's, to be taken out as re-
quired, ad libitum , passing over the Boston and Albany Railroad
by a bridge to a tract of meadow land, the refusal of which I

have secured until the coming July for two hundred dollars per
acre, with a contingent reserve, should the Hoosac River bed be
changed, of about one hundred dollars more. The saving of land
damages by this line is variously estimated, but will probably
be not less than $75,000; while the other line affords but
little room for depot purposes. This line has been examined by
Mr. A. R. Field, chief engineer of the Troy and Greenfield
Road, and is understood, in its main features, to meet his
approval .

"

At the east end of the tunnel, it was important to complete the
construction of a bridge over the Deerfield River, "so that the debris
from the Tunnel can be used for the large embankment, of some 60,000
cubic yards (cu yd) east of the Deerfield River." Approach fills for
this bridge were also constructed with tunnel muck.

The most interesting example of muck utilization was the use of
tunnel muck to construct a masonry machine shop at the east portal.
Water from the Deerfield Dam was brought 3/4 miles by canal to the ma-
chine shop where it was used to power air compressors, lathes and
other machines. The following quotation cannot be improved upon as a
description of muck utilization.

"It having been determined to build it, I think its cost can
be shown to be not greater than necessary.

The house was located in the only place where it would not
be necessary to cut the whole width of the house and canal into
a very high bank. It was at the foot of an old, extensive
slide .

"
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"Upon making the necessary excavations, it was found that
the bottom was soft clay, and very much to our alarm, that the
bottom was rising, and that the avalanche was on the move. It
therefore became necessary, in connection with the fact that
the water-level of the canal back of the house was to be 30
feet higher than the river and front, to build heavy masonry.
The back wall was made 17 feet thick at the bottom, the whole
height of the wall being over 40 feet.

It should further be considered that it became necessary to
build with the stone from the Tunnel, because none better could
be reasonably obtained. The masonry is therefore simply a con-
glomerate of junks of stone; but, for want of a natural bond,
it must have an artificial one, and this could only be obtained
by the use of cement in large quantities, and at great cost,
because so far from a railroad."

After World War II, material processors began using the stock-
piled muck at the west shaft as aggregate for bituminous concrete. A
typical crusher facility with dryers and a pugmill was used. Large
blocks of rock were broken into particles with a maximum diameter of 8

in. in the primary crusher and a maximum diameter of 3 in. in the
secondary crusher. A fine reduction crusher produced a maximum 3/4
in. particle size which was used in the concrete. Operation of this
facility continued until 1967 when the available muck was exhausted.
Currently, crushed rock is transported to this area by rail at con-
siderably higher cost.

The biggest problem with crushing muck at this site was the
presence of debris. One man was constantly employed removing wood and
steel from the muck. Steel debris, which was particularly bothersome,
consisted of pieces of rail, drill steel, spikes, wheels, and hammer
heads. Despite magnetic detectors, the crusher was frequently dam-
aged, resulting in considerable down-time and repairing cost.

2.3 LITERATURE SEARCH

A thorough literature search was conducted to determine current
methods for utilization of tunnel muck. The investigation was not
limited to construction of U.S. rapid transit tunnels in urban areas,
but included a wider range of tunnel types and locations. The range
of the study was extended due to the limited amount of published data
on muck utilization. Information sources consisted of journals, peri-
odicals, magazines, conference proceedings, text books, and research
reports

.
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Fifty-five articles on tunneling construction were found during
the literature search. (The articles are identified at the end of
Section 12-References. ) Discussion in these articles of muck disposal
methods or problems was normally limited to a few brief comments.
Muck utilization plans were discussed in only six tunneling projects,
three from the United States and three from foreign countries. Infor-
mation from these six projects is presented in Table 2-1 and in the
following paragraphs.

TABLE 2-1. SUMMARY OF LITERATURE SEARCH

Project

Name and

Location

Type of

Tunnel

Excavation

Method

Type of

Material Excavated

Quantity of

Material

Excavated

Muck
Utilization

Source of

Information

Crosstown Wastewater

Interceptor, Austin,

Texas

Sewer Orill and blast

(Implied, but not stated)

Soft Rock 175000
cu yd

1) Landfill

2) Subbase material

Fact Sheet 1974 Soil

Speciality Conference

Raccoon Mt. Plant,

Chattanooga, Tennessee

Pump
Storage

Plant

Drill and blast Limestone Unknown Coarse filter material for

upper reservoir dam
Tunnels & Tunnelling

March K77

Storm Sewer Tunnel

Houston, Texas
Water Cutter Shield Clay and Sand 45,000

cu yd

Embankment Fill Civil Engineering

September 1964

Sonnenberg Tunnel,

Lucerne, Switzerland

Vehicular Tunnel boring machine 1) Sandstone

2) Sandy Marl

3) Clay Marl

2000,000+
cu yd

Landfill of a nearby lake Tunnels & Tunnelling

September 1973

Railway T unnel,

Vancouver, British

Columbia

Railroad Drill and blast Grand iorlte 80,000
cu yd

1) Embankment Fill

2) Railroad Ballast

Tunnels & Tunnelling

November 1972

St. Gotthard Tunnel,

Switzerland

Vehicular Drill and blast 1) Tremola Schist

2) Aare Granite

2, 100,000
cu yd

Embankment Fill Tunnels & Tunnelling

November 1971

Case histories describing the utilization of materials produced
from building and highway construction and mining activities were also
encountered. In many instances, the methods of utilization or testing
of excavated or waste materials are similar to the problems related to
the utilization of tunnel muck. Several of these appropriate case
histories are described following the tunneling case studies.

2.3.1 Tunneling Case Histories - United States

Three case histories of U. S. tunneling projects are summarized
in the following paragraphs. Muck was generally used in landfill pro-
jects, although in one case the muck was included as a blend material
in an aggregate processing plant.
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2.

3.1.1

Crosstown Wastewater Interceptor, Austin, Texas

The Crosstown Wastewater Interceptor [2-6]

,

begun in September
1972, will reduce potential wastewater overflows entering a nearby
lake and will eliminate the need for expensive reconstruction of ex-
isting wastewater systems in heavily developed areas between the lake
and the interceptor line. The tunnel will be approximately 11 miles
long and is divided into two separate contracts; an east half, 5.8
miles long and 96 in. in diameter, and a west half, 5.2 miles long and
84 in. in diameter.

Approximately 175,000 cu yd of soft rock will be removed from the
tunnel. Approximately 50,000 cu yd of the muck will be utilized as
fill for a proposed treatment plant at the east end of the inter-
ceptor. In addition, a local subbase manufacturer is purchasing some
of the muck for processing and for use as a blend material with an ag-
gregate subbase. Construction of the project was slightly more than
50 percent complete in June 1974.

2.

3.1.2

Raccoon Mountain Pump Storage Plant, Tennessee

In mid-1970, the Tennessee Valley Authority started construction
of a 1.53 million kilowatt underground pump storage facility near
Chatanooga, Tennessee [2-7]

.

Excavation of the majority of the under-
ground facilities, which include power plant chambers, transformer
vaults, and conveyance tunnels, was through limestone. Tunnel exca-
vation methods consisted of smooth wall blasting, cushion blasting,
and line drilling.

Some of the tunnel muck was utilized as coarse filter material
for the upper reservoir earth-rock dam. In addition, approximately 2

million cu yd of blast, rock were used in the construction of the 9.5
million cu yd earth dam.

2. 3.1.

3

Storm Sewer Tunnel, Houston, Texas

In early 1964 the Texas Highway Department began plans for a 6974
ft long by 8.5 ft (inside) diameter concrete storm sewer [2-8] to
carry drainage water from a depressed section of Highway 59, near the
center of Houston. Soil conditions along the pipeline consist of wet
sandy clay with interbedded layers and zones of clay and water-bearing
sands, deposited on clay banks and sandstone ledges. These conditions
required the use of deep wells, air pressure, and chemical stabiliza-
tion to control the inflow of water into the tunnel.

Excavation was accomplished with an 11.5 ft diameter rotating
cutter- type tunneling machine. The muck was temporarily stockpiled
adjacent to the tunnel shaft before being trucked to the site of an
embankment fill. Approximately 30,000 cu yd of muck were removed from
the tunnel.
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2.3.2
Tunneling Case Histories - Foreign

Brief discussions of three foreign tunnel case histories are
provided below. Landfill was the primary use for muck, but in one
case, rock muck was crushed and used as railroad ballast.

2. 3. 2.1 Sonnenburg Tunnel, Lucerne, Switzerland

Construction of the 1 mile Sonnenburg Tunnel [2-9] began in
November 1969, and the tunnel was expected to be fully operational for
vehicular traffic by the end of 1975. It consists of twin, two-lane
tubes, and it is being constructed through deposits of sandstone, san-
dy marl and clay marl. Rock cover above the tunnel has varied from 96
to 160 ft.

The two tubes were driven using an innovative tunnel boring ma-
chine. After drilling an 11.2 ft diameter pilot bore, the tunnel was
enlarged by two successive enlarging machines to 24.6 ft and 33.6 ft
in diameter.

A large portion of the more than 170,000 cu yd of muck from the
tunnel was used to fill-in a nearby lake. The drilling operations
produced particles small enough to eliminate the need for crushing.
The article did not mention potential uses of the completed landfill
area. The location of the landfill operation influenced the overall
tunneling operation. The tunnel was excavated downhill from the south
portal in order to avoid transporting muck through the inner city.

2. 3. 2. 2 Railroad Tunnel, Vancouver, British Columbia

A 4568 ft long railroad tunnel [2-10] with a rectangular cross
section, 16 ft wide by 24.5 ft high, was completed in Vancouver in
early 1973. The purpose of the tunnel is to eliminate a sharp turn in
the track alignment. The rock formation through which the tunnel
passes is a hard, uniform granodiorite.

Tunnel excavation was accomplished by conventional drill and
blast methods. Construction proceeded from both portals simultaneous-
ly. Almost all of the 70,000 cu yd of blast rock were utilized at the
site. Approximately 50,000 cu yd were used in the construction of the
embankments for a nearby culvert, and an additional 20,000 cu yd were
processed through a crusher and used for railroad ballast.

2.3.2.

3

St. Gotthard Road Tunnel, Switzerland

The St. Gotthard Road Tunnel [2-11] is 10.1 miles long and has an
average circular cross sectional of 915 square feet (sq ft)

.

An
adjacent safety tunnel has an average cross sectional area of 75 sq
ft. Two rock types were encountered along the tunnel route: Tremola
schist and Aare granite.

Full-face drill and blast procedures were used for tunnel con-
struction. In a few areas, totaling approximately 0.6 mile in length.
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poor rock conditions required excavation of a top heading followed by-

installation of iron arches and excavation of the bottom heading.

Construction of the main tunnel and safety tunnel produced ap-
proximately 1.95 million cu yd of blast rock. Some of this rock was
utilized as embankment fill for the motorway. The remaining muck was
processed through a crushing plant and wasted.

Construction of the main tunnel started from both portals in
mid-1969, and the headings met during the summer of 1974.

2.3.3 Miscellaneous Case Histories

The following brief discussions of four case histories describe
utilization of materials from building and highway construction.

2. 3. 3.1 World Trade Center , New York City

The World Trade Center in New York City [2-12] is a complex of
structures including two 1350 ft high towers located on approximately
16 acres of land. Foundations for the building are situated on bed-
rock which is approximately 70 ft below the ground surface. Founda-
tion construction began with the placement of a slurry trench founda-
tion wall around the entire perimeter of the proposed foundation ex-
cavation. As the soil within the slurry wall was excavated, tie-back
anchors were used to support the wall.

Approximately 1.6 million cu yd of material, consisting mostly of
miscellaneous fill, organic and inorganic silt, sand, and small
amounts of boulders and blast rock, were removed from the excavation.
The excavated material was placed in a landfill site in the Hudson
River, immediately adjacent to the World Trade Center. A 2700 ft long
cellular cofferdam consisting of 64 ft diameter cells and connecting
arches was constructed to contain the fill. The completed landfill
area will create 24 acres of land with a value of nearly $90 million.

2. 3. 3.2 Lake Ariel Highway, Pennsylvania

Recent construction work on the dual lane Lake Ariel Highway
[2-13] involved widening and resurfacing 14 miles of roadway. In lieu
of purchasing aggregate from a commercial supplier, the contractor de-
cided to manufacture aggregate from blast rock obtained from the high-
way construction. Using a portable crushing and screening plant, the
contractor produced 400,000 tons of subbase material and 60,000 tons
of shoulder material at the site in a nine-month period. The plant
operation was reported to be 95 percent efficient with only minor
breakdowns for maintenance, change of screen cloths, and occasional
removal of oversized materials. This utilization scheme drastically
reduced transportation costs and provided a surplus of aggregate ma-
terial for use during resurfacing.

2-9



2. 3. 3. 3 Long Beach-Attesia Freeway Interchange, California

Site work for the Long Beach-Attesia Interchange [2-14] required
the removal of existing rubble fill. The fill consisted largely of
broken concrete from the demolition of streets and sidewalks.

The contractor for the interchange decided to use a 300 ton-
per-hour crushing machine to process the rubble fill for use as sub-
base material. Material fed into the crushing plant was limited to a
maximum dimension of less than 4 ft and consisted primarily of con-
crete or bituminous rubble that was as free as possible of lumber,
steel, dirt and organic matter. The operation consisted of feeding
the raw material into a 30 by 42 in. primary jaw crusher and further
reducing the material in a cone crusher. A radial stacker was em-
ployed in the stockpiling operation to reduce segregation of the minus
3/4 in. particles.

The final product proved to be an excellent material for com-
paction. A sufficient percentage of fines was produced during the
crushing operation which provided an excellent bond for the coarser
particles. Unhydrated cement in the concrete rubble also contributed
to the bond. Not only did the contractor utilize his own waste mate-
rial and avoid the cost of disposal, but other contractors in the area
brought similar solid waste materials to the site for processing.

2. 3. 3. 4 Nagasaki Airport, Japan

Construction of the 335 acre new Nagasaki Airport [2-15] , off the
coast of Ohmura, Nagasaki, Japan, required the dumping of approxi-
mately 76 million cu yd of blasted rock beyond an island beachhead.
Total cost of the airport, scheduled to open in May 1975, is estimated
at $69 million.

About 90 percent of the 10,600 ft long by 1400 ft wide airport
facility was constructed in 50 ft of water. The remainder of the site
is on an existing island which was partially excavated and refilled
with the rockfill in order to produce a homogeneous condition through-
out the runway, thus reducing differential settlements.

The contractor quarried and hauled approximately 4 million cu
yd of rock per month during the 19 month construction period. Rock
was blasted from the tops of two rock outcrops, 130 and 200 ft high.
Bench blasting was used with cuts averaging 65 ft deep. Fill material
was limited to a maximum 5 ton block weight.

Construction procedures consisted of utilizing a pair of mobile
pontoon-type jetties to place 3.5 miles of peripheral rock base. Con-
crete was placed on the embankment facing and the 100 ft wide by 40 ft
high (underwater) rock base served as a peripheral form for the re-
mainder of the fill. The landfill was completed by end dumping the
rock fill into the water from trucks.
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2.4 SURVEY OF CURRENT PRACTICE

A survey of tunneling contractors, engineers, and owners was com-
pleted in order to obtain information which was not available in pub-
lished literature.

More than 40 owners, contractors, and engineers throughout the
world were contacted. Many people submitted information on more than
one project, and thus 75 job history descriptions were returned. In
two instances, the owner, engineer, and contractor each contributed
information on the same project; therefore 71 individual projects were
actually surveyed. Appendix A contains a list of respondents and a
sample survey format.

Job data were categorized into four areas as follows:

a. Project Name and Location

b. Project Description

c. Use of Excavated Material

d. Extent of Planning Effort

Job data were received on 71 tunneling projects (one of which was
a subway station), 36 from the United States and 35 from foreign coun-
tries, including 23 from Japan.

The information is summarized in Tables 2-2 and 2-3 for the
United States and foreign projects, respectively. The data indicate a
significant difference between the muck disposal planning efforts in
foreign countries and the United States. For example, muck disposal
plans were used in a higher proportion of foreign projects than United
States projects.

Location Yes, a disposal plan was prepared

United States 22 percent of projects

Foreign 63 percent of projects

After the case history data were reviewed, the utilization
schemes were grouped into three categories: landfill, base and sub-
base materials, and specialized uses. The landfill category includes
use of muck for general fill, backfill around structures, and struc-
tural fill beneath buildings. In the majority of cases, the subcate-
gory "general fill" indicates that at present no construction activity
is anticipated on the landfill area. The second category includes use
of muck for base and subbase materials for highways, roadways, drive-
way and parking areas, and railroad embankments. The last category
contains the specialized uses of muck including concrete aggregate,
brickmaking, and erosion control.
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TABLE 2-2. SUMMARY OF SURVEY RESPONSES OF
DISPOSAL - UNITED STATES

CURRENT PRACTICE OF MUCK

NAME OF TUNNEL AND LOCATION TYPE OF TUNNEL DESCRIPTION OF EXCAVATED MATERIAL SUBSURFACE
EXPLORATIONS

SUBWAY

Q
<
o

<
cc

WATER 5 UTILITY

or
<

>

TYPE CONDITION
PROGRAM
CONDUCTED

PROGRAM
ADEQUATE

HARD

ROCK

SOFT

ROCk|

o
< CLAY SILT TILL WET

>
CE

o
o
5 NO

REPLY

YES o YES o

BART PROJECT: Broad wav & 9th Street - Oakland, California X X X X X X X

BART Subway: Colonial to Diamond St. -San Francisco, California X X X X X X X

BART Subway: Modoc Ave. to Colonial Way - San Francisco, California X X X X X

Subway Structures: Market Street Line - San Francisco, California X X X X X X

Calumet Intercepting Sewer: 17 G Chicaqo, Illinois X X X X X

Calumet Intercepting Sewer 18E Section A -Chicaqo, Illinois X X X X X

LaGranqe - Brookfield Rock Tunnel - Cook County, Illinois X X X X X

Lawrence Ave. Sewer; No. 1 - Chicaqo, Illinois X X X X X

Lawrence Ave. Sewer: No. 2-A- Chicago. Illinois X X X X X

X X X X X X X

x x X X X X

x X x X X X X

X X X X X

X X X X X X X

X X X X X X X

X X X X X

x X X X X

X X X X

South Branch Intercepting Sewer: No. 2A - NY, NY X X X X

North Branch Intercepting Sewer: No. 3 - NY, NY X X X X X X

x X X X X

X X X X X

X X X X X X

Fast Rranr.h Inlprrppling Spwpr- No 3A - Slafpn Island, NY X X X X X X X X
Moss Point Outlet Tunnel - Springfield, Ohio X X X X X X

Mill Run Sewer Improvement - Sprinqfield, Ohio X X X X X

Bowen Hauqhton Ditch Relief - Toledo, Ohio X X X X X

Austin Wastewater Interceptor - Austin, Texas X X X X X

X X X X X X

X X x X X

X X X X X x X X

Washington MFTRO A4a - Washington H £ X X x X X
Washington METRO A4b - Washington, D.C. X X X X X

Washington METRO A6a - Washington, D
r
C, X X X X X

Washington METRO D 1- Washington, D.C. X X X X
Washington METRO D3 - Washington, D.C, X X X X X X X
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(CONTINUED)

VOLUME OF TUNNEL MUCK 0(103 m3 > HOW WAS EXCAVATED
MATERIAL UTILIZED?

WAS MUCK SUITABLE FOR
STRUCTURAL FILL
BENEATH BUILDINGS?

DID OWNER PREPARE A

DISPOSAL PLAN?
WAS THE UTILIZATION OF
EXCAVATED MATERIAL
BENEFICIAL TO THE PUBLIC?

ROCK SAND SILT
CLAY

OTHER

MUCK
TREATED

MUCK
SOLD

YES o
>

o

40 14.6 X Landfill for shiD terminal bldq, Yes X

60 30 X Landfill for commercial buildinqs Yes No X Yes

72 X Backfill on BART structures Yes No X Yes

46 15 X Landfill for industrial buildinqs Yes Yes - by specification X Yes

17 X Landfill No No x Yes

118 X No X

113 X Fill Yes Yes - bv soecification X Yes

130 x No X No

16 X No X No

2.8 5 8 Landfill No No

. 58 o.a 2.7 X
No - Muck not adequate for

aggregate due to size

and hardness

No X

128 03 1.4 X x Yps

75 X Landfill No - too thin and small Yes - by specification X No

50 10 40 X Landfill at gravel pit site No No X Yes

15 5 30 X Landfill No No X Yes

256 X Fill Yes X

34 X Fill Yes No X

10 X No X

106
mixed fa

3.8
ce

X Landfill - private use Yes No X No

43 0.2 X No X No

. 70 X

232 X Unknown - takln to subcontractor Yes No X No

3 19.6 Landfill, sanitary landfill (organic silt) Yes - except organic silt No X No

13i 8 2 1 X Landfill - private use No No X No

25 Landfill - private use Yes No X Yes

7
Landfill, trench backfill, road and
parkinq lot base Yes No X Yes

18 X Fill - land imorov§ment No X

48 X X Yes

50 7 X Landfill No 'only 6% suitable) Yes - no specification X Yes - develop disoosal areas

10 X Backfill on same site Yes No X

23 42 57 _57 X Backfill No No

96 X Unknown - taken bv subcontractor No No

58 X No No
230 X Landfill and roadway base Yes - too soft for aqqreqate No X

1
?4 X Backfill and subqrade material No X

305 - total X Fill No No X In some instances
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TABLE 2-3. SUMMARY OF SURVEY RESPONSES OF
DISPOSAL - FOREIGN

CURRENT PRACTICE OF MUCK

NAME OF TUNNEL AND LOCATION TYPE OF TUNNEL DESCRIPTION OF EXCAVATED MATERIAL SUBSURFACE
EXPLORATIONS

SUBWAY

o
<o
cn

<
ct

WATER SEWER

UTILITY

cr
<

0
1
>

TYPE CONDITION
PROGRAM

CTED
PROGRAM
ADEQUATE

HARD

ROCK

SOFT

ROCK

1

o
<

><
CJ

SILT TILL WET

>
o

MOIST

NO

REPLY

YES o YES o

Metro de Sao Paulo - Sao Paulo, Brazil X X X X X X

Briqhton Sea Outfall,- London, Enqland X X X X X .

Fleet Line and Victoria Line Railways - London, England X X X X X

Tunnel Trunk Foul Sewer - Buckinghamshire, England X X X X X X

West Hull Main Drainage- Kinston-Upon-Hull, England X X X X X X

ALB Tunnel - Germany X X X X X X X

Holzem Tunnel - Germany X X X X X X

Subway Sector 12/13 - Germany X X X X X X

X X X X X X

New Kannon Tunnel - Fukuoka Prefecture, Japan X X X X

x X X X X

x X X X X

Sayo Tunnel - Hyogo Prefecture, Japan X X X X X

Kannon Tunnel - Kitakyushu City, Japan X X X X X

Aoyaraa - Mie Prefecture, Japan X X X X X

New Aoyana Tunnel - Mie Prefecture, Japan X X X X X

Hori Tunnel - Miyazaki Prefecture, Japan X X X X X

X x X X X X

X x x X X X

X X X X X

Uonuma Tunnel - Niiqata Prefecture, Japan X X X X X

X X X X X

X X X X X X X

Osaka City Subway - Osaka City, Japan X X
X X X X

No. 2 Inagi Tunnel - Tokyo, Japan X X X X X X

Honden Shield Tunnel - Tokyo, Japan X X X X X X

Itdabashl Blok - Tokyo, Japan X X X X X

X x X x X X

X X X x X X X

X X X X X X

X X x X (1) (1)

X x X x X X X

X x x x X X X

Northern Link Railway - So-Au, Hua-Llen, Taiwan X X X X X

Yonqe Subway and Northern Ext: Nos. Y2. Y4 and Y6 - T oronta Canada x X X X X X X

NOTES: (1) No response to question
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(CONTINUED)

VOLUME OF TUNNEL MUCK (XlO^ HOW WAS EXCAVATED
MATERIAL UTILIZED?

WAS MUCK SUITABLE FOR
STRUCTURAL FILL

ROCK SAND

!
SILT CLAY

OTHER

MUCK
TREATED

MUCK
SOLD

YES o
>

o
z

(1) (1) Backfill of subways and subbase for airport No Yes X Yes

4.5 * Disposed at sea No No X No

30 X No X

7 14 X X Yes

3 5 X Backfill of a railway cutting No - material too soft Yes - by specification Yes

160 (1) Fill for valleys No - rock too soft No X No

60 40 X Hiqhway fill Yes Yes - by specification X Yes

2 8 X Stored in borrow area No No X No

16 10 X Landfill Yes Yes X Yes

243 Landfill and aqqreqate Yes Yes X Yes

,

180
weathered

^

20

X X Yes

j

200 Landfill Yes Yes - by owner X Yes

155
soft ^ock

Road bed Yes Yes X Yes

233 X X No

228 X X

220 X Yes M x

24 X Landfill Yes Yes X Yes

?6 4 X Landfill for 2 story housing Yes Yes - by specification X Yes

20 20 No X

82.5 X X No

-240 X Yes X Yes

271 24 X Landfill and roadibed material Yes Yes X No

17 2 4 X Landfill for light housing Yes Yes - by specification X Yes

31 16 X Landfill for city park No - due to wet silts Yes X Yes

30 18 X Landfill for housinq Yes Yes X Yes

5 5 X No x

70 X Ji2 X

45 45 X Landfill No x Yes

83 83 83 X Landfill for 3 story building Yes No X Yes

14 9,5 5 X Landfill for office buildinq Yes Yes - by specification X Yes

200 X Road bed and landfill Yes (1) X Yes

800 600 400 200 X Land reclamation Yes Yes - by specification X Yes

161 241 220 X Fill for hiqhways Yes No Yes

1000 X Roadway fill for railroad No comment Yes - by owner X Yes

(1) (1) (1) Landfill No X Yes

DID OWNER PREPARE A
DISPOSAL PLAN?

WAS THE UTILIZATION OF
EXCAVATED MATERIAL
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A number of projects used muck for multiple uses. Therefore 81
uses were reported for 71 projects. The percentage distribution of
muck for each of the three major categories is shown in Table 2-4.
The statistics indicate that muck was used in landfill operations in
almost 75 percent of the tunnel projects included in the survey in
which muck was utilized. The figures in Table 2-4 show that the popu-
larity of the method of utilization decreased according to the amount
of processing required to effectively use the muck.

TABLE 2-4. DISTRIBUTION OF MUCK UTILIZATION METHODS FOR
SURVEY OF CURRENT PRACTICE

Percentage Distribution of Muck
Methods (1)

Utilization

Category United States Foreign Combined

Landfill 77 66 72

Base and Subbase 21 26 23

Specialized Uses 2 8 5

(l) Based on 81 case histories reported in a survey of current
practice

:

U.S. Responses 43

Foreign Responses 38

Total: 81

2.4.1 United States

Forty-three muck utilization schemes were reported from 36 pro-
jects within the United States. Table 2-4 shows a breakdown of the
general areas. In nearly 80 percent of the cases reported, muck was
used in landfill operations. In only one project was muck utilized
for a specialized use (i.e. riprap).

A detailed examiniation of the survey data presented in Table 2-2
indicates that 26 out of 33 landfills were not used for a specified
purpose. Thus muck utilization in these projects would be more appro-
priately described as muck disposal. In 22 projects, however, the
landfill was considered by the respondent as suitable to support
buildings. Hence it appears that tunnel muck is generally suitable
for support of structures, but it is not being used for that purpose.

A more positive approach was taken on the San Francisco BART pro-
ject where commercial office buildings and marine terminals were built
on landfills which consisted of compacted tunnel muck. The muck was
placed in thin layers and compacted in accordance with a pre-planned
specification.
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Perhaps this rather poor overall record of muck utilization can
be explained by the fact that in only 8 of 36 projects was any plan
for muck utilization formulated. In most cases, the tunnel contractor
was made responsible for the disposal of material. The tunneling con-
tractor very often passed the responsibility for muck disposal onto a
trucking subcontractor. Frequently the owner and sometimes even the
tunnel contractor had no idea- where the muck was taken for disposal.

2.4.2 Foreign

The utilization of muck in foreign countries followed the same
general pattern established for the United States. The distribution
of utilization methods, shown in Table 2-4, clearly indicates that
landfill was the primary method for utilization of muck in two-thirds
of the projects. However, the survey shows a significant difference
in the planning effort behind the utilization schemes. For example,
almost 50 percent of the foreign landfill sites were designed for a
specific construction purpose as compared to only 20 percent in the
United States.

The figures in Table 2-4 also indicate that muck was used for
base materials and for specialized uses more often in foreign coun-
tries than in the United States.

In many foreign countries, especially Japan, the owner retained
possession of the muck, and the project specifications called for its
specific utilization. This is evident in the questionnaire responses
which indicated that in 22 of the 35 foreign tunneling projects, in-
cluding Japanese projects, the owner developed his own disposal plan.
Of the 23 Japanese projects, 16 reported a planned disposal scheme.
It appears that Japanese owners make a special effort to utilize exca-
vated materials. The scarcity of land area in Japan may be one rea-
son. Foreign owners also demonstrate more initiative in their use of
excavated materials, and use muck in a larger proportion of projects
for road and railroad base materials, concrete aggregate, and bricks.

2.5 INTERVIEWS

The following sections of this chapter present summaries of in-
terviews conducted with various United States contractors and govern-
mental agencies and Japanese contractors.

2.5.1 Contractor

During this study, interviews were conducted with several con-
tractors involved in tunnel construction, muck disposal and materials
processing. The purpose of the interviews was two-fold: first, con-
tractors were asked to discuss their past experiences with muck dis-
posal and second, they were questioned about their receptiveness to
new concepts for muck utilization.
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2. 5.1.1 Tunnel Contractors

The primary objectives of tunnel contractors are to advance the
heading and to complete construction of the tunnel lining system as
rapidly as possible. Construction activities not immediately related
to these two tasks are assigned secondary importance. Transport and
disposal of tunnel muck, once it has been removed from the tunnel
shaft, has been consistently relegated to a background position.
Moreover, once the project is underway, muck disposal becomes routine,
and the details of selection of haul route and disposal site are soon
forgotten. Muck disposal is of primary interest during the bidding or
negotiation period when the contractor must determine the price and
method of muck disposal.

It is important, therefore, that a method for muck utilization be
established early in the construction program. If the contract docu-
ments contain specific provisions for the disposition of muck then the
contractor can easily arrive at a base price for muck disposal. If a
disposal site is provided, pricing muck disposal becomes a matter of
calculating haul distance and time and balancing the rate of muck pro-
duction per day against the number of trucks required for hauling.
The general contractor might provide trucks from his own fleet or ar-
range for a subcontractor to supply the trucks. Truck rental agree-
ments can be arranged on an hourly or daily rental rate or on a price
per cu yd (or ton) of material.

In most cases investigated for this study, the general contractor
negotiated with a number of trucking subcontractors to arrange for
muck disposal, typically on a price per cu yd basis. Disposal costs
depended on factors such as the subcontractor's work load, equipment
availability, disposal sites, permit costs, and regulations governing
truck loading.

2. 5. 1.2 Trucking Contractors

The opinions of trucking contractors generally fell into two cat-
egories: (1) those who were in favor of muck utilization and (2)

those who were opposed to what they considered interference in their
area of expertise. Those in favor cited assistance with obtaining
permits and clearances, efficient use of streets, selection of dispos-
al sites, and the provision for nearby stockpiling sites as the ad-
vantages of a plan for utilization. Some trucking contractors can-
didly admitted that they are surprised when owners, especially public
agencies, relinquish ownership of a valuable commodity. In general,
smaller trucking contractors favor a plan for utilization because it
makes the bidding more competitive and broadly based. Large trucking
companies have the capital to buy nearby disposal sites and thereby
gain a competitive advantage.

Trucking contractors who are opposed to utilization planning
state with some justification that they are already muck utilization
experts and that they perform this function as inexpensively as pos-
sible. They are, in fact, professional expediters who are constantly
aware of the supply and demand for construction fill materials. They
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take a calculated risk to supply the disposal equipment and disposal
sites for the duration of the contract in return for the chance to
make a profit. Competition limits the amount of profit and generally
stabilizes disposal costs. However, when major construction is sud-
denly initiated in an urban area, the normal supply of trucks and
equipment is insufficient, and disposal costs rise sharply.

Through the standard contract "disposal clause," ownership of the
muck is implicitly passed on from the owner to the general contractor,
then to the subcontractor, and finally to the owner of the disposal
site. Ownership of the material means that the subcontractor can sell
the material at a profit. Thus if the owner retains ownership of the
muck, the subcontractor loses the chance to be paid twice for the same
material, once by the general contractor and then for supplying fill
material to a customer. Trucking contractors are therefore hesitant
to endorse utilization schemes where the owner retains ownership of
the muck.

Successful and unsuccessful trucking contractors were inter-
viewed. Although the successful contractors might agree with the
concept of muck utilization, for economic reasons they preferred to
maintain the status-quo. In some cases, trucking contractors dis-
covered that none of their usual customers were able or willing to buy
the muck. The trucking contractor had to either stockpile the mate-
rial or pay to dump the material at a sanitary landfill site. The
profit normally gained on the second sale of the material was lost,
and the contractor was forced to operate at a loss. These unsuccess-
ful contractors naturally would have preferred an organized muck uti-
lization program which would have provided a guaranteed income and
protection from financial loss.

2. 5.1. 3 Materials Processors
i

Potential customers for tunnel muck include manufacturers such as
stone or sand and gravel crushing plants. One processer interviewed
in the Washington DC area said that he would be willing to accept any
so-called waste material for processing in his plant. Almost any soil
type would be acceptable and could be used at the processing plant for
an aggregate or aggregate ingredient. Although he was not anxious to
use peat or other organic materials, he has used such materials in the
past to produce loam.

Representatives of the National Sand & Gravel Association com-
mented that waste products such as tunnel muck should be analyzed on a
project-by-project basis to determine the potential for utilization as
aggregate sources. This analysis is particularly appropriate because
the American Society for Testing Materials (ASTM) has recently revised
the standard specification for fine aggregate (ASTM C-33). The
revision allows the use of fine aggregate, normally concrete sand,
which does not meet the standard gradation requirements, provided that
the design mix results in an acceptable concrete product. The aggre-
gate must meet all other requirements, such as abrasion and chemical
tests. Tunnel muck produced from a soft ground tunnel driven through
sand and gravel deposits thus represents a potential source of con-
crete aggregate.
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2.5.2 Government Agency

Representatives of various government agencies on the local,
state and Federal levels were interviewed to determine their reactions
to the concept of muck utilization. Emphasis was placed on interviews
with local transit and planning agencies who are directly involved
with mass transit planning.

2. 5. 2.1 Washington Metropolitan Area Transit Authority

The Washington Metropolitan Area Transit Authority (WMATA) is
currently responsible for a large subway construction program. The
entire system is 98 miles long with 47 miles of tunnel and 53 under-
ground stations. Fifteen miles of tunnel and 12 stations will be ex-
cavated in rock. Although a balanced cut and fill approach to design
was adopted for surface construction, the tunnel muck was not ini-
tially planned to be used in the new construction.

During the latter stages of design and early construction, an at-
tempt was made to locate possible disposal areas for tunnel muck.
Sites in and around Washington DC were investigated and a number of
privately owned areas were located, but WMATA decided that it would be
unacceptable to supply tunnel muck from a public project to be used to
fill private land. Hence, plans for locating disposal sites and
utilizing tunnel muck were discontinued and total responsibility for
muck disposal was placed on the contractor.

Another attempt was made to develop a disposal plan for dredged
materials removed from the underwater crossing of the Washington Chan-
nel. A plan was developed, in conjunction with the Corps of Engineers
and the National Park Service, to use a disposal site located in the
Potomac River near the East Potomac Park. However, these plans were
eventually discarded because of environmental restrictions. Once
again, the contractor was required to dispose of the muck.

The WMATA experience thus illustrates that the most expedient
contractual method for disposal of muck requires the general contrac-
tor to solve the problem and dispose of the materials. This approach
was adopted in spite of the fact that WMATA favored the concept of
muck utilization and tried to plan for muck disposal. Alldredge
[2-16] describes some of the individual rock tunnels and stations
within the WMATA system. Included are some recommendations based on
WMATA experience for improving relationships between owner and con-
tractor. Particular emphasis is on the bidding stages of the work.

Two case histories from the WMATA program were studies in detail
and are reported in Section 2.6 of this report. These case studies
illustrate the contractor's solution to the disposal problems.

2. 5. 2.

2

City of Chicago

The Department of Public Works (DPW) for the City of Chicago has
traditionally been responsible for subway construction. The standard

2-20



approach for muck disposal, dating back to 1920, has been to let the
contractor dispose of the muck. The Metropolitan Sanitary District of
Greater Chicago has also required that contractors dispose of all ex-
cavated materials. Recently both organizations have become more sen-
sitive to the muck disposal problem as a result of environmental and
legal considerations.

The approach of the DPW has been gradually changing to include
the following considerations:

a. When objectionable materials such as dredged materials are
produced, environmental restrictions will affect the choice of dis-
posal sites.

b. If large quantities of muck are involved, then economic
considerations such as haul distance and disposal area will control
the designated method of disposal.

Landfill areas along Lake Shore Drive near Lake Michigan have
been traditional dumping grounds for subway tunnel muck. In 1920 a
landfill was extended 1500 ft into the lake, and additional fill was
probably placed in 1939 as a result of subway construction. However,
both the DPW and the Sanitary District have completed recent tunneling
projects where the contractor was directed to dis pse of the muck.
During construction of a two mile section of the Milwaukee Avenue Sub-
way in 1967-1968, the contractor was made responsible for muck dis-
posal .

The City of Chicago Department of Development and Planning has
made a concerted effort to organize muck disposal for at least three
major construction projects currently under study. A discussion of
this planning effort is continued in Section 10-2.

2. 5. 2. 3 City of Boston

The Metropolitan District Commission (MDC) is in charge of de-
veloping a water supply system for the City of Boston. The MDC
normally requires that the contractor dispose of all excavated mater-
ials. No attempt has been made to utilize the tunnel muck since the
quantities involved are relatively small.

The Massachusetts Bay Transportation Authority (MBTA) is respon-
sible for an existing mass transportation system in the Boston area
which was constructed in the early 1900's. A recent extension has
been completed, and additional extensions are planned in the near
future.

Specifications for MBTA construction call for the re-use of all
suitable excavated materials. Material can only be removed from the
site by permission of the project engineer. Provision is made for
stockpiling soil or rock which can be used as backfill later in the
project. An example of a specification from the Massachusetts De-
partment of Public Works standard specifications (also used by the
MBTA) is given below:
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" Disposal of Excavated Materials . All suitable materials
obtained from the excavation, or from the removal of present
structures shall be used either in the formation of embank-
ments, shoulders, slopes, loam or clay hardening, etc., or for
backfill under, over, or around structures, pipe culverts or
drains and at such other places as directed and the material
shall be placed and compacted in a manner conforming to the
specification for the particular type of work required without
additional compensation [2-17]."

In general, the suitability of material is determined by its
stability and ability to compact. It was reported that re-use of
excavated materials produced a substantial cost savings for the MBTA.

The Massachusetts Port Authority (Mass Port) , for almost eight
years, maintained a continuous landfill operation at Boston's Logan
Airport. Landfill was required in order to expand the airport facil-
ities. Since a specific construction contract to obtain all the nec-
essary fill would have been prohibitively expensive. Mass Port adopted
a policy of accepting common fill materials for landfill in non-
critical areas such as between runways, taxiways , and below major
runway areas at depths where surface loads produce negligible stress.

In general, all types of materials were accepted with the excep-
tion of those containing excessive amounts of organic matter, wet
clay, steel, or concrete blocks larger than 2 cu ft. Some large
blocks were accepted, but only in isolated areas or deep in the fill
so that they did not interfere with subsequent utility trench exca-
vation or foundation construction. Any contractor in the area having
acceptable fill available could participate in the program. The con-
tractor was paid $0.40 per cu yd for material delivered, placed, and
compacted as stipulated by Mass Port.

The program was very successful and it benefited both Mass Port
and the contractors. Mass Port obtained the necessary fill at a
reasonable price, and disposal costs for construction projects in the
Boston area were reduced. The following items contributed to the
success of the Mass Port effort:

a. Logan Airport was conveniently located.

b. A large class of fill material was acceptable.

c. No time limits were established for fill delivery.

2. 5. 2. 4 City of Buffalo

The Niagara Frontier Transportation Authority (NFTA) has initi-
ated planning for a mass transit system for Buffalo, New York. In
January 1974 preliminary subsurface explorations had been completed
and an environmental impact statement also had been submitted.

Phase 1 construction of the system begins near the Buffalo
waterfront and extends approximately 11 miles northeastward to the
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North Campus of the State University of New York at Buffalo. This
line has been divided into three so-called corridors: inner, middle
and outer. Phase 2 construction will include an extension of the
Phase 1 line, the addition of a spur to Tonawanda, and an eastwest
line.

The volume of muck from Phase 1 construction was estimated at
approximately 950,000 cu yd of soil from cut and cover sections and
510,000 cu yd of rock from a rock tunnel section. The soil was
characterized as glacial deposits consisting of glacial till, outwash
and lake sediments . The rock is part of the Onandaga Formation which
consists primarily of dolomitic limestone. Tunnels in rock will
probably be constructed with tunnel boring machines. The groundwater
table generally exists within 20 to 40 ft of the ground surface.

Several possibilities exist for the disposal and/or utilization
of excavated materials. The Buffalo area has several sanitary land-
fills which can be used for the most undesirable solid wastes. Also,
potential landfill sites owned by NFTA include the airport and the
port area, where development is being planned. The use of muck as
backfill for the subway itself is feasible depending on scheduling and
the character of the soil or rock. One portion of the transit system,
the Inner Corridor, appears to have high quality sand deposits
suitable for backfill. Placement of compacted fill will be required
at one of the transit storage yards. Backfilling of abandoned
quarries and the construction of berms around the car yards to mini-
mize visual impact are other potential uses for the muck. The rock
muck may also be suitable for aggregate; many existing quarries are
mining aggregate of the same rock type found in the subway corridors.

NFTA was interested in controlling the disposal practices of the
contractor provided that acceptable contract provisions and job
scheduling activities could be established to avoid disputes and
claims for extra payments. One possible disposal plan involved the
use of NFTA landfill sites, to be used at the contractor's discretion.
All permits would be provided by NFTA. Also NFTA would establish fill
requirements commensurate with the proposed use for the filled land.
Haul routes within the Buffalo area are not expected to exceed 10
miles, and NFTA's sites exist within this range.

2. 5. 2. 5 Federal Railroad Association

Several years ago, the Federal Railroad Association completed a
preliminary study of the area between Washington DC and New York City
(called the Northeast Corridor) to determine if viable minerals would
be encountered during construction of a tunnel between the two cities.
The study indicated that only occasional deposits of materials such as
asbestos and mica would be encountered and that the mineral value was
generally very low. In addition the study indicated that
transportation of the material to a market place would result in
additional cost which would probably offset any savings that might be
realized by using tunnel muck as a raw material. The normal market
price for mineral materials would be much lower than the price of ma-
terials taken from the tunnel. The only viable use of the material
appeared to be for landfill operations.
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2. 5. 2. 6 United States National Committee on Tunneling Technology

The Standing Subcommittee No. 4, Contracting Practices, of the
U.S. National Committee on Tunneling Technology has prepared a report
entitled "Better Contracting for Underground Construction" [2-18],
The purpose of the study was to identify areas of contract practice
which should be improved in order to minimize contract disputes.
Contractors, engineers, owners, lawyers, and equipment suppliers
throughout the United States and Europe were interviewed. As a result
of the study, 17 recommendations were prepared affecting items such as
changed conditions, differing site conditions, insurance, value
engineering, release of all subsurface information and rights- of-way,
permits and owner-furnished materials.

Under the permits section, the report states that the owner
should continue to obtain all rights of way and easements. In urban
areas in particular, the owner should locate sites for storage and
work sheds and should obtain the permits necessary to perform work in
parks or city streets. Moreover, the recommendations further state
that: "Where major borrow or disposal areas are required as a part of
the construction project, and if the owner cannot provide such
rights-of-way , he should at least study and survey their availability
and advise prospective contractors" [2-18]. The problem of locating
disposai sites has traditionally been left to the contractor. The
contracting practices committee is now indicating that it may be time
to break with that tradition. The owner and engineer should take more
active roles in the planning for muck disposal or utilization.

2. 5. 2. 7 Environmental Protection Agency

At present the Environmental Protection Agency does not have a
direct interest in the problem of muck disposal in urban areas. Their
interest lias been largely confined to the adverse effects of any
operation on the surrounding environment. The most direct effect of
muck disposal on the environment is usually contamination of streams
by uncontrolled runoff, especially from mining wastes. In general,
the Environmental Protection Agency has provided guidelines for runoff
control. Specific regulations are prepared and enforced by other
Federal, state and local agencies.

2.5.3 Japanese

Representatives of the Obayashi-Giumi Corporation, a leading
construction firm based in Tokyo, were interviewed to establish
typical muck disposal procedures used in urban areas in Japan. The
contractor was able to supply information on 23 tunneling projects.
The information came from job files and from comments by the respec-
tive project managers. The data was recorded on the questionnaire
forms and summarized in Table 2-3.
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It is a common practice in Japan for the owner , in many cases the
government or a national railway organization , to retain ownership of
the excavated materials and to control the location and placement of
the material in the disposal area. For example, in 16 out of 23
projects, the contract specifications contained provisions controlling
muck disposal. In many cases the disposal area is a landfill project
which eventually will become the site for construction of two-story
housing units.

The heavy demand for housing sites has forced the planning agen-
cies to utilize all types of fill materials to develop "marginal
land." These marginal sites may consist of wetlands or swamps, or may
be underlain by compressible soil deposits which have prevented ini-
tial, economical development of the site. A combination of woven
plastic blankets, plastic drainage wicks, and surcharging has been
used to overcome the shortcomings of the sites. At the same time,
these design procedures have permitted the use of all types of exca-
vated materials produced from tunnel and general construction activ-
ities in the fill.

The marginal sites are often lowlands which require placement of
fill to raise the site grade. At the same time, the soils are too
weak to support more than a few feet of fill. Placement of more fill
would result in rotational shear failures along the perimeter of the
embankments. A woven plastic blanket (similar to a large fishnet) is
spread over the horizontal surface of the fill to strengthen the fill.
These blankets are spaced at vertical intervals of several feet. Tne
height of the embankment can then be built up above the final grade in
order to provide a temporary surcharge load.

The temporary surcharge load is designed to subject the soft,
compressible foundation soils to a stress level greater than the final
housing loads. To accelerate the consolidation (stabilization) pro-
cess, vertical drainage wicks are pushed through the fill and deep
into the foundation soils. The plastic wicks consist of strips of
plastic, approximately 6 in. wide and l/4 in. thick, and up to 90 ft.
long which are driven into the ground with a special mandiel. The
strips are hollow and contain capillary tubes which permit water to
drain rapidly from the compressible soil strata. The rapid drainage
accelerates the stabilization of both the foundation soils and the
fill materials.

These innovative techniques have permitted the utilization of
previously unsuitable muck in landfill projects.
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2.6 DETAILED CASE HISTORIES

Three current urban tunnel construction projects were studied to
evaluate all phases of the muck disposal process including location of
construction site, rate of muck production, disposal methods and
costs, utilization plans, and difficulties encountered. Information
was obtained through interviews with the individuals associated with
the projects and on-site inspections of the construction procedures.

The cases were selected to provide a range in the types of muck
encountered (stiff clay to hard rock) and to illustrate muck disposal
problems associated with large construction operations. The projects
selected are listed below:

a. Contract D4a, Washington DC METRO (a soft ground tunnel in
clay and gravelly sand)

b. Contract A6a, Washington DC METRO (a hard rock tunnel ma-
chine mined)

c. City Water Tunnel Ho. 3, New York City (a hard rock tunnel
- drill and blast)

2.6.1 No. 1 - Contract D4a, Washington DC METRO

Project Name: Washington DC METRO Contract D4a

Location: Washington DC, Southwest Section between 12th and 2nd
Streets

Owner: Washington Metropolitan Area Transit Authority (WMATA)

Contractor: S & M - Traylor 3rcs., Inc.

2. 6. 1.1 Summary

The joint venture between S & M and Traylor Bros., Inc. was the
successful low bidder on tunnel Contract D4a for the Washington METRO.
The contract documents provided thaL the contractor was responsible
for disposal of tunnel muck. The joint venture then arranged for a
subcontractor. Southern Equipment Corp. , to handle the trucking and
disposal of the tunnel muck. Any attempt to utilize tunnel muck on
other METRO projects or in other areas became the responsibility of
the trucking subcontractor. Some consideration was given to the use
of a portion of the tunnel muck as backfill for another METRO project,
but the material proved to be unacceptable and as a result all mate-
rials excavated were used in landfill operations. The purpose of the
landfill operation was to backfill gravel pits owned or leased by the
subcontractor. The backfilling was required in accordance with county
regulations for final grading, restoration, and repair of gravel pit
excavations

.
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2. 6.1. 2 Project Description

The project included 8300 ft of 18 ft diameter single bore subway
tunnel and related fan and ventilation shafts and power substations.
The tunnel work was carried out from two headings, one identified as
the 12th Street heading, where a sand and gravel deposit was
encountered, and the second heading from the Second and D Street shaft
location, where stiff clay was found. Both tunnels were constructed
using bolted cast iron or steel tunnel segments. A general project
location plan is shown in Figure 2-1.

FIGURE 2-1. LOCATION PLAN - METRO CONTRACT D4a
SOURCE : WMATA
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2. 6. 1.3 Geology-

Test borings were completed along the proposed route in order to
identify the soil and groundwater conditions for the tunneling opera-
tion. A detailed discussion of soil conditions along the route was
presented in reports by Muser, Rutledge, Wentworth & Johnson [2-19],
prepared for W11ATA . The profile generally indicated deposits of sand,
silty clay, and sand and gravel layers to deptns below the proposed
tunnel invert. Gravelly sand or sandy gravel deposits were anticipa-
ted at the 12th Street heading, grading into mere stratified deposits
as the tunnel approached the Second and D Street area. At the Second
and D Street shaft, however, the soil conditions consisted primarily
of stiff, silty clays, both blue-gray and red-brown in color. Ac-
cording to the contractor's records, the soil conditions encountered
during the tunneling operations agreed in general with the information
provided from the test boring logs. No major unexpected conditions or
changed condition problems were encountered.

The groundwater level in the area was predicted to be approxi-
mately 30 ft above the tunnel invert. Dewatering operations for the
tunnel were considered by the contractor during the initial stages of
work. However, due to a delay of almost one year while awaiting the
initial shipment of cast iron liner segments from England, the Second
and D Street shaft was excavated and stood idle. Work on the cut and
cover station section and other private building construction con-
tinued and apparently lowered the standing groundwater level along the
tunnel route. As a result, during the actual tunnel drive, little or
no water was encountered and dewatering was not a problem.

The heading, proceeding from the Second and D Street shaft, en-
countered several areas of old fill; probably fill placed in old river
channels. When these areas were encountered, some loss of ground into
the tunnel occurred resulting in surface settlement. However, this
loss was not major and caused no excavation or construction delays.

2. 6.1.4 Method of Tunneling

The contractor elected to use a Robbins Excavator Shield to work
the headings from the Second and D Street shaft. Mining of both the
in-bound and out-bound tubes proceeded simultaneously. At the 12th
Street heading a Jarva bench shield was installed to excavate the sand
and gravel materials. The excavator shields were ideally suited to
the stiff clay deposits. A normal cylce, consisting of shoving for-
ward, excavating, erecting the ring, and grouting, consumed about 1.5
to 2 hours. On an average day, consisting of two 9 hour shifts, about
ten rings were erected. Each ring was 4 ft wide. Thus, the total
volume of excavated material per day was approximately 380 cu yd,
measured as volume in place. The excavation portion of the cycle re-
quired only 10 to 15 minutes to remove the 40 cu yd of material re-
quired for erection of one ring.

The excavator shield was a relatively new concept, consisting of
a cylindrical steel shield with hydraulically operated breasting doors
around the circumference of the shield. The shield is illustrated in
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Figure 2-2. The doors were operated individually in order to provide
support of the face and to control the direction of the shield. Exca-
vation was accomplished with a special hydraulically operated excava-
tor arm which rotated about its longitudinal axis and was free to
reach any portion of the face. As the material either fell from the
face or was dislodged from the face, the back and forth action of the
arm also caused a movable flap beneath the arm to scoop the muck ma-
terial onto a conveyor belt. From the conveyor belt the material was
raised near the crown of the tunnel and carried to the muck disposal
cars by a second conveyor system.

Six 10 cu yd capacity muck cars were used to carry the muck away
from the face. The muck train also included one flat car which was
used to bring the liner segments to the face, and to carry the cement
and sand required for the grouting behind the liner segments.

A 28 August 1974 visit to the 12th Street heading indicated that
little progress had been made since the start of tunneling earlier in
the month.

FIGURE 2-2. EXCAVATOR SHIELD
SOURCE: ROBBINS
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2 . 6 . 1 . 5 Types of Muck

The muck encountered at the Second and D Street heading consisted
of a stiff silty clay, although a soft blue-gray clay was found in
some of the old river channel fills. The stiff clay was an excellent
tunneling material since it stood freely at the face with a minimum of
support. Also the low permeability of the clay restricted the inflow
of groundwater. The muck excavated from the face consisted of large
chunks of clay grading down to smaller size chunks and chips. The
clay was chopped at the face by the excavator arm only to the extent
that it was required to reduce the size and allow it to pass the con-
veyor system and be dumped into the muck cars. At the shaft, the cars
were lifted by crane to the surface where the clay was dumped in the
muck pile.

The muck pile was also the dumping spot for miscellaneous con-
struction refuse such as cement bags, old pieces of lumber, and mis-
cellaneous construction debris. The refuse was estimated at 2 percent
or less of the total volume of the muck pile. However, the debris was
a standard by-product of the tunneling process.

A sample of the stiff red-brown clay was obtained, and laboratory
tests, including Atterberg Limits, gradation and several shear
strength evaluation tests, were completed. The gradation results are
shown in Figure 2-3. Based on the test results, the clay was classi-
fied as a stiff red-brown silty clay, little coarse to fine sand,
trace gravel.

GRAIN SIZE DISTRIBUTION

SILT OR CLA

UNIFIED SOIL CLASSIFICATION SrSTEM. CORPS OF ENGINEERS. U. 5 ARMY

SOURCE: CLAY MUCK FROM METRO CONTRACT D4a

FIGURE 2-3. GRADATION CURVE - METRO CONTRACT D4a
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Samples of the sand and gravel encountered at the 12th Street
heading were not obtained. However, based on a visual examination,
the material was classified as a brown gravelly coarse to fine sand,
trace to little silt with cobbles up to 12 in. in diameter.

2. 6.1. 6 Contract Documents

The provisions in the contract between WMATA and the joint ven-
ture required the contractor to assume full responsibility for the
disposal of muck outside the limits of the METRO right of way [2-20]

.

All disposal costs were to be included in the applicable unit prices
for excavation of material from the access shafts and the tunnel head-
ings. The contractor then incorporated the same or similar provisions
in the subcontract with the trucking subcontractor.

The genera], contractor awarded the subcontract for disposal of
the tunnel muck on the basis of the lowest price per cu yd disposed.
Volumes were determined by in-place measurements. In the initial
stages of negotiations, approximately six trucking firms were either
contacted by the general contractor or submitted prices to the general
contractor. After reviewing the initial submission, further negotia-
tions took place and an award was made to Southern Equipment Corpora-
tion, the low bid contractor. A standard contract document was drawn
up based on the standard American General Contractors Association for-
mat.

According to the provisions in the subcontract, the subcontractor
was required to obtain all permits for disposal of the muck and was
required to maintain sufficient equipment to dispose of the muck as it
accumulated in the muck pile at the shaft location. The subcontractor
thus provided a front end loader and the necessary truck force to re-
move the muck material. All of the muck produced from the tunnel then
belonged to the subcontractor

.

2. 6.1. 7 Disposal of Tunnel Muck

The subcontractor had two options for the disposal of the tunnel
muck: (1) use the material to fill an abandoned sand and gravel pit
located in nearby Prince George's County, Md. or (2) use the sand and
gravel from the 12th Street heading as backfill for other sections of
the METRO system.

The clay muck was never intended or studied for use as a backfill
material on the METRO site, nor was it evaluated for use in any brick
making plants. However, the sand and gravel deposit at the 12th
Street heading was considered a prime source of backfill material for
other sections of the METRO construction. Unfortunately, when the
sand and gravel material was evaluated for use as backfill, the pre-
sence of cobbles precluded the direct use of the muck. The fill spec-
ifications limited the maximum particle size to 3 in. The contractor
also determined that it would have been too expensive to set up a por-
table screening plant at the shaft site to process the muck. Thus the
subcontractor used the tunnel muck from this contract to fill the
gravel pit.
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Because the subcontractor was involved in several operations in
the city requiring disposal of muck and supply of gravel backfill, the
utilization of trucks was a prime factor. For instance, on another
contract. Southern Equipment Corporation had to supply approximately
90,000 cu yd of bankrun gravel backfill. This material had to be
transported approximately 15 to 20 miles, and trucking was definitely
required to bring this material to the city. Normally the trucks
would return empty, but since the contractor had several muck disposal
contracts in the city, these trucks were used to haul material to the
dump sites. By arranging the trucking schedule, the contractor was
able to maximize the use of the trucks and thus maximize profit.

2. 6. 1.3 Disposal Restrictions and Difficulties

In order to dispose tunnel muck from the METRO project, the
trucking contractors had to be certain to locate a disposal site. The
location of each new dump site became further from the city and thus
more difficult to reach. Thus a contractor who owned or obtained ac-
cess to an old gravel pit within reasonable hauling distance from the
city had a competitive edge when bidding for work on the METRO pro-
ject. However, even though a disposal site was available, the con-
tractor was not without further problems. Some of the difficulties
encountered are listed below:

a. The location or access to a gravel pit or other dump area
had to be confirmed prior to providing a firm price on the disposal of
muck material. In the case of Contract D4a, the contractor leased a
section of an old gravel pit which was located in Prince George's
County, Maryland.

b. The use of municipal dump areas was almost precluded due to
the dump fee which ranged from $9 to $13 per truckload. This fee ap-
plied whether or not the material was refuse or tunnel muck which
could be used in part of the sanitary land fill operation. Since an
average truckload consisted of 13 to 15 cu yd of material, the dump
charge added almost one dollar per cu yd to the contractor’s disposal
price

.

c. Normally the contractor maintained equipment at the dispos-
al site. Since storage sheds had to be constructed, an occupancy
permit was required from the local authorities. This permit is nor-
mally not difficult to obtain.

d. The contractor also had to post a bond with the city or
county to guarantee that the highway at the immediate access to the
dump site would be maintained in excellent condition. Heavy truck
traffic entering and leaving the dump site resulted in additional load
on county roads, and any road deterioration had to be repaired by the
contractor.
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e. Within the city limits there were some general guidelines
with regard to street cleaning operations. However, there were no
specific requirements such as "the street must be washed down once a
day" or "the street must be broom cleaned once a day." The require-
ments normally stated that the street should be kept neat and orderly
at all times. However, government agencies and neighboring building
owners were often more insistent that the construction site be kept
clean and that less dust be generated. This was often a difficult re-
quirement to satisfy immediately adjacent to a site where trucks were
traveling with heavy frequency.

f. The trucking demands varied almost hourly. At any given
time a tunnel shield could break down or the excavation process could
be terminated and the volume of muck to be removed would then suddenly
dwindle to little or nothing. The subcontractor who had planned on an
active day's work was thus faced with a fleet of trucks which now had
little or no work. For example, on one particular day, the contractor
estimated seventeen trucks would be required. But at noontime he
discovered that only eight would be needed for the afternoon opera-
tions. On the next day eight trucks were continued but seventeen were
needed. It was difficult to schedule all of the necessary trucking
for a tunnel project.

The fluctuation in demand could have been minimized if larger
stockpiles of tunnel muck were created at the various shaft locations
so that trucking could continue for at least one or two days from
these stockpiles. However, the stockpiles occupied space in an al-
ready crowded site, and the tunnel contractor was not willing to for-
feit such space.

2.6.1. 9 Conclusions

The following conclusions are based on our analysis of muck dis-
posal for Contract D4a:

a. Regulations promulgated by Prince George's County, Mary-
land, requiring the backfill and grading of sand and gravel pits have
prompted one contractor to utilize tunnel muck from the Washington
METRO system as sand pit backfill.

b. Site explorations including test borings have predicted the
general geology along the tunnel route. The problem of changed con-
ditions has not occurred. However, oversize cobbles were encountered
in the sand and gravel deposit and precluded the use of this material
as backfill on the METRO project.
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2.6.2 Case History No. 2 - Contract A6a , Washington DC, METRO

Project Name: Rockville Route, Rock Tunnel, Section A6a

Owner: Washington Metropolitan Area Transit Authority (WMATA)

Contractor: Morrison-Knudsen & Associates

2. 6. 2.1 Summary

The successful low bidder on tunnel Contract A6a, a rock tunnel,
was Ilorrison-Knudsen & Associates. According to the contract docu-
ments, the contractor was responsible for the disposal of all tunnel
muck. The contractor arranged with a trucking broker, Hopkins, Inc.,
to haul away all muck produced by the hard rock tunnel boring machine
(TBM) . The trucking broker in turn located a gravel processing plant
owner who was willing to accept tunnel muck. The combination of a
trucker who guaranteed to haul away the muck plus a guaranteed dispos-
al site allowed the general contractor to proceed with the tunnel ex-
cavation.

During the initial stages of portal construction, drill and blast
methods were used. The drill and blast rock was used as a lining for
a portion of adjacent flood damaged Rock Creek. Samples of the TBM
muck were also tested to determine suitability for backfill on METRO
construction. One set of tests showed that the muck would be satis-
factory for backfill, but a second test proved it would be unaccept-
able. The variability of the quality of the muck (due to variations
in rock quality) prevented its direct use as backfill. Thus all muck
was hauled to a rock crushing plant located in Prince George's County,
Maryland. The rock was sorted, screened and crushed, and then used
for roadway base materials, driveway base materials, or as an ingredi-
ent, after additional screening, in the manufacture of bituminous con-
crete .

2. 6.2.2 Project Description

The major items of work included 18,725 ft of single track rock
tunnel, 18 ft in diameter; 500 ft of double track rock tunnel; rock
tunnel cross-over structures, fan shafts and two station entrances.
Figure 2-4 shows the project location plan. Temporary support of the
rock tunnel was required in the form of rock bolts. A final lining
consisting of cast-in-place concrete was required to complete the tun-
nel .

Total quantities of materials were estimated as follows: rock
muck, 300,000 cu yd; common excavation, 54,000 cu yd; and backfill,
34,000 cu yd.

2-34



D I SPOSAL

SITE

I

I
I

I

FIGURE 2-4. LOCATION PLAN - METRO CONTRACT A6a
SOURCE : WMATA

2 . 6 . 2 .

3

Geology

Test borings were completed along the route of the tunnel. Soil
samples were taken in the sand and clayey overburden soils, and rock
core samples were taken of the underlying bedrock. The bedrock was
generally classified as a schistose gneiss with chlorite schist also
occurring along the route. A detailed discussion of soil properties
and rock quality along the route was presented in reports by Muser,
Rutledge, Wentworth & Johnson [2-21] prepared for WMATA. With the ex-
ception of excavation at portal and shaft areas, the tunnel was lo-
cated entirely in bedrock.
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FIGURE 2-5. HARD ROCK TUNNEL BORING MACHINE
SOURCE: ROBBINS

2. 6.2.4 Method of Tunneling

The contractor elected to use two methods of tunneling to exca-
vate the rock. Drill and blast procedures were used to open up the
large portal and cross-over areas. A Robbins hard rock tunnel boring
machine (TBM) , illustrated in Figure 2-5, was used to advance the
heading along each of the running sections of the tunnel. A muck
train hauled the muck to the portal where the cars were individually
tipped over, dumping the muck in a pit excavated adjacent to the
track.

In the drill and blast section, steel sets and wood lagging were
used to provide temporary support. Overbreak problems were not se-
vere, but were significant when compared to the smooth circular bore
produced by the TBM. About 100 ft of the running tunnel were exca-
vated with drill and blast methods before the TBM was mobilized.

The smooth bore section required little temporary support. How-
ever, rock bolts were installed in the crown at regular intervals
along the route. In several areas, rock falls had occurred and steel
sets and lagging were used to shore up these areas.
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2. 6. 2. 5 Types of Muck

At the start of construction, drill and blast muck was produced.
The muck was generally blocky with pieces ranging from 2 x 2 x 2 ft in
dimension down to coarse sand sizes. A limited amount of this muck
was produced.

The TBM produced a well graded muck with a maximum particle size
less than 4 in. and grading down to silt size particles. As the re-
sult of the TBM cutter action, the larger rock particles were normally
long and flat. Smaller sand sizes were more nearly equi- dimensional.
Figure 2-6 shows some sample grain size distribution curves of the
rock muck.

GRAIN SIZE DISTRIBUTION

COBBLES
GRAVEL

COARSE

f

SAND

FINE COARSE I MED' CM FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, COUPS OF ENGINEERS, U. S ARMY

TEST NO. SOURCE

1 ROCK MUCK FROM METRO CONTRACT A6a
2 CRUSHED STONE - A . H . SMITH, CR8 PROCESS
3 ROADWAY SHOULDER MATERIAL

(MARYLAND STATE SPEC.)
4 ROCK MUCK FROM METRO CONTRACT A6a

FIGURE 2-6. GRADATION CURVES - METRO CONTRACT A6a
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The muck produced by the TBM was usually dry or damp with only
occasional water problems at the face resulting in saturated muck.
However, during the unloading of the muck cars the muck was dumped
into a deep pit which also formed a sump for rainwater. The wet muck
was then loaded into trucks by a rubber tire front end loader.

Construction debris consisting of pieces of the TBM, sections of
rock bolts, and miscellaneous construction materials were found in the
muck piles. However, the total volume was very low, probably less
than one or two percent of the total muck volume.

In addition to the rock muck, soft ground excavation was required
for a number of vertical fan shafts and at station entrances. Also
related utility lines required both excavation and backfill. These
quantities, however, were relatively small compared to the overall
rock tunnel muck. The estimated quantities of soft ground excavation
were about 58,000 cu yd.

2. 6.2. 6 Contract Documents

The primary contract documents between the owner and the general
contractor contained two provisions in separate sections relating to
disposal of common excavation materials and underground excavation
materials. Common excavation materials applied to materials removed
from fan shafts, station entrances and utility work whereas under-
ground excavation was related to tunneling and crossshaft construc-
tion. Pertinent sections of the contract read as follows:

" 3 . 3 . 5 . 3

:

Disposal of Excavated Material (applies to com-
mon excavation) . Unless otherwise indicated, excavated material
shall be disposed of outside of the authority's right of way.
When approved by the Engineer, it may be used as fill.

The contractor shall make his own arrangements for disposal
of waste material off-site and he shall pay all costs involved
[
2 - 22

]
.
"

In a similar manner, disposal of the muck excavated from rock
tunnels was handled as follows:

"4.1.11: Disposal of Excavated Materials (from underground
excavation). All excavated or spoil material not required for
use as backfill or in permanent or temporary fill shall be dis-
posed of in accordance with Section 3.3, Excavation and Backfill
[
2 - 22

]
."

Following the criteria established by these specification re-
quirements, the contractor made arrangements with a trucking subcon-
tractor, Hopkins, Inc., to dispose of excavated materials, including
tunnel muck. The contractor did not establish a detailed subcontract
document but instead used a simple purchase order agreement to provide
for payment to the subcontractor. The purchase order stated that the
trucking subcontractor was paid for each ton of material hauled from
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the site. The subcontractor was entirely responsible for providing
the necessary trucks and loading equipment to remove material from the
site in accordance with the rate of production of the TBM.

2. 6. 2. 7 Disposal of Muck

Several attempts were made to utilize the tunnel muck in other
construction projects. In one case the material was used successful-
ly, and in another case the material was considered unsuitable.

In the first instance, tunnel muck produced from the drill and
blast excavation at the entrance portal was used as a riprap lining
for Rock Creek. During a hurricane, many waterways in the Washington
DC area had been significantly damaged. The repair to these waterways
required replacement of riprap, and the sudden demand for riprap re-
duced the quantity of available stone. At the time that corrective
work was underway, almost any type of blast rock was utilized as rip-
rap lining. The restoration work was carried out for the National
Park Service, the caretaker organization for the adjacent Rock Creek
Park.

The majority of the underground excavation material consisted of
TBM muck, a crushed stone product grading in size from 4 in. in maxi-
mum dimension to silt size particles. Several uses were considered
for this material including surfacing of bicycle paths in the adjacent
park area and the utilization of the material as backfill on the METRO
project. Neither the bicycle path scheme nor the use of the material
on the construction project were adopted.

A series of laboratory gradation and compaction tests was com-
pleted on samples of muck recovered when the machine was several hun-
dred feet from the portal.

At the time the machine was boring through relatively hard rock,
test reports on the tunnel muck were favorable. It was determined
that the material wotild be used as backfill on the construction pro-
ject. However, a second series of tests was completed after the ma-
chine had advanced a significant distance. At this time the tunnel
muck failed to meet the gradation specification requirements for back-
fill. It was then determined that the muck was too variable in nature
to be a dependable source of backfill for the project.

Since the tunnel muck was not approved for backfill, the con-
tractor made arrangements for disposal of the material. The trucking
subcontractor, Hopkins, arranged for the material to be dumped at a

gravel pit owned by A. H. Smith, Inc. The gravel pit, located in
Prince George's County, Maryland, was the site of a processing plant
for bituminous concrete and roadway base course aggregate. This site
was therefore a guaranteed dump, and material brought to the pit was
either stockpiled or immediately started through a processing opera-
tion. Particles greater than 3 in. were screened out. Further crush-
ing produced particles with a maximum size of 1.4 or 1.0 in. A sample
of the aggregate, identified as CR8 (Crusher Run 8), was tested to de-
termine the gradation; results of the test are shown in Figure 2-6.
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2. 6.2. 8 Disposal Restrictions and Difficulties

No difficulties were encountered in the normal process of hauling
muck from the portal to the gravel pit. However, prior to accepting
the muck as a raw material, the aggregate processor investigated the
quality of the rock by performing tests on core samples of the rock.
The samples were crushed and sieved and tentatively approved as an
aggregate source.

In order to use the material on roadway construction, the pro-
cessor had to obtain initial approval of the local highway departments
and then maintain the quality of the aggregate. Initially an
extensive series of tests was completed on the processed muck to eval-
uate qualities such as gradation, particle shape and hardness (by the
Los Angeles Abrasion Test).

The gradation of the untreated muck was generally acceptable, but
the particle shape was unacceptable. The long, thin particle shape
produced too many "flats", smooth surfaces which provide a low skid
resistance in pavement surfaces. However, after crushing to a maximum
particle size ranging from 1.5 to 1.0 in., the flats problem was
eliminated. A random sample of roadway shoulder material used on lo-
cal county roads was tested to determine the as-built gradation. Note
that the gradation curve, shown in Figure 2-6, is similar to the gra-
dation of the raw tunnel muck with the exception that the largest par-
ticle size of the roadway sample is only 3/4 in. compared to 3 or 4

in. for the muck.

The muck generally satisfied the hardness requirements. However,
as the TBM mined through soft or weathered rock in the tunnel, the
quality of the muck declined. The operator of the TBM could sense the
variation in rock hardness by observing changes in the hydraulic pres-
sure gauges and power consumption. The information that the muck was
soft was passed along to the gravel pit operators who sorted the poor
quality muck into waste piles.

The processor also discovered metallic debris in the muck. De-
bris consisted of rock bolts, parts of equipment (such as bolts, cut-
ters, and cutter holders), and miscellaneous field tools. It was
necessary to install an expensive electromagnet over one of the belt
conveyors in order to remove steel debris before the muck entered the
stone crushing equipment. Prior to installation of this magnet, se-
vere damage occurred when parts of steel bolts and other equipment be-
came caught in the stone crushers.

Non-magnetic debris such as timbers, rubber boots and miscellane-
ous construction debris also occurs in the muck. On occasion this ma-
terial passes through the crushers but does not greatly damage the
crushers or significantly change the muck property. An attempt was
made to remove this debris prior to the crushing process.
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2. 6. 2. 9 Conclusions

a. The drill and blast muck produced from the initial portal
excavation was utilized for riprap to repair storm damaged Rock Creek.
Rock Creek was located in the park area immediately adjacent to the
tunnel portal and thus provided an ideal utilization plan for the
coarse muck.

b. An attempt was made to utilize the raw tunnel muck produced
by the tunnel boring machine. Plans for utilization of the muck were
discarded, however, when laboratory tests indicated that the rock muck
was too variable to provide a reliable hard crushed rock fill mate-
rial.

c. The tunnel muck was successfully sorted and crushed by an
aggregate processor and was used in bituminous concrete pavements and
as a roadway base course material.

2.6.3 Case History No. 3 - City Water Tunnel No. 3., New York City

Project Name: City Tunnel No. 3

Owner: Board of Water Supply, New York City, New York

General Contractor: Water Tunnel Contractors

2. 6. 3.1 Summary

City Tunnel No. 3 involved the construction of about 14 miles of
water tunnel, ranging in diameter from 10 to 24 ft, plus numerous ac-
cess shafts and three major valve chamber caverns. The tunnel is lo-
cated in the New York City area and extends from Yonkers, southerly
through Manhattan, ending in Queens, New York. The job was originally
divided into three separate contracts identified as Nos. 520, 521 and
522. Water Tunnel Contractors, a joint venture group, was formed by
Dravo, Groves, Ostrander, Dickson, Arundel and Walsh. Construction
started in 1970 but was halted in 1974 pending the settlement of a
contract dispute.

Approximately 2 million cu yd "solid" muck were to be removed
during the construction, including the tunnel and related chambers and
access shafts. The muck was removed from three access shafts located
in Van Cortland Park and High Bridge Park and on Welfare Island. Ac-
cording to the contract documents, the contractor was responsible for
the disposal of all tunnel muck. The contractor elected to use both
ocean dumping and landfill for disposal of the tunnel muck. The gen-
eral contractor and trucking subcontractors located landfill sites for
muck disposal. Generally the sites were located within a radius of
about 20 miles from the main shafts. The costs of trucking prohibited
the disposal of the material at more distant sites.
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2. 6. 3. 2 Project Description

The construction of City Tunnel No. 3 was divided into three con-
tracts. Each contract involved tunneling work plus construction of
various chambers and riser shafts. An overall site location plan is
shown in Figure 2-7. The work involved in each of the contracts is
described briefly below:

FIGURE 2-7. LOCATION PLAN - CITY WATER TUNNEL NO. 3

2-42



a. Contract 520 . This contract involved construction of
17,700 ft of concrete lined pressure tunnel, 24 ft in diameter. A
major shaft and valve chamber was also constructed in Van Cortland
Park. The valve chamber dimensions are approximately 44 x 44 x 620 ft
with an adjacent 18 x 17 x 620 ft collection pit. The valve chamber
is 250 ft below ground surface.

b. Contract 521 . This contract involved construction of
31,370 ft of concrete lined pressure tunnel, 24 ft in diameter. Nu-
merous shafts and a small chamber were also to be constructed.

c. Contract 522 . This contract involved construction of
23,150 ft of concrete lined pressure tunnel. The majority of the work
involved the construction of a 20 ft diameter pressure tunnel while a
section called "The Lower Manhattan Spur" was to be built as a 10 ft
diameter tunnel. Two major valve chambers were to be constructed.
The Central Park valve chamber was set 170 ft deep in rock with di-
mensions of 55 x 73 x 70 ft with an adjacent riser valve chamber
measuring 20 x 36 x 60 ft. The Welfare Island chamber was also in
rock at a depth of 150 ft and measured 60 x 70 x 122 ft with two small
adjacent access chambers.

Three major work areas were provided in the contract documents.
At each of the major locations an access shaft was constructed to pro-

: access for men
major work areas

and
are

materials and for the removal of tunnel muck,
identified as follows:

a. Contract 520 : Van Cortland Park

b. Contract 521: High Bridge Park

c. Contract 522: Welfare Island

2.6.3.3 Geology

The contract documents provided test boring information and rock
core data along the entire route of the tunnel. The test boring and
rock core data identified five major rock types along the proposed
tunnel route. The rock types included manhattan schist, yonkers
gneiss, fordham gneiss, limestone, and ravenwood granodiorite. The
borings, however, were not able to delineate the precise location of
the contact areas between major rock types. The major portion of the
work typically involved excavation of shafts and tunnels in rock, to
depths of up to 600 ft below ground surface.

2. 6. 3.

4

Method of Tunneling

The drill and blast method of tunneling was selected to excavate
these large bore tunnels. Rail mounted drill jumbos were used to
drive headings from each of the main access shaft locations. Two
headings were driven from the High Bridge shaft as well as from the
Welfare Island shaft. The following paragraphs describe mining and
muck disposal operations conducted at the High Bridge shaft.
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Blasting of a normal round usually advanced the face about 8 ft.
Approximately two rounds were obtained per working shift. The heading
was driven as a horseshoe shaped tunnel with a circular lining to be
constructed later. Temporary support of the tunnel was provided by
vertical steel sets or posts and circular arch beams spaced approxi-
mately 4 ft on centers. Both steel lagging and wood blocking were
used to provide support of the rock mass.

The jumbo was also equipped with portable rock drills for in-
stalling rock bolts which were used to stabilize the wall plate gird-
ers and the steel sets. In addition, portable rock drills or "jack-
hammers" were used to chip away rock to provide a sound, positive sup-
port for each of the vertical wall posts at the invert of the tunnel.

The muck was loaded by a Conway Mucker. A muck train, consisting
of six cars, was drawn by a diesel engine to the High Bridge shaft, a
20 ft diameter shaft about 600 ft deep. A single skip bucket with a
counter balance was used to hoist the muck from the bin at the bottom
of the shaft to the head frame at the surface. The rock muck at the
surface was dumped into a bin area adjacent to the shaft at which
point a front end loader was used to load ten wheel trucks for removal
of the muck from the site.

At two locations, marine disposal of the muck was possible. The
High Bridge Park and the Welfare Island Sites were both equipped with
a conveyor system which enabled the direct loading of muck from the
shaft locations into ocean going scows. The scows would then be towed
to approved dump sites.

2. 6. 3. 5 Types of Muck

The drill and blast technique used to advance the tunnel produced
a tunnel muck which varied in gradation from large blast rock, about 2

(S^ft in largest dimension, to fine sand particles. The type of rock
encountered during the drilling generally resulted in sharp angular
fragments of rock. When driving the southerly heading from the High
Bridge shaft, very little water was encountered, and the muck was
generally handled in the dry state. Water was encountered in driving
other headings and required substantial pumping efforts.

When tunneling was progressing at the full capacity at each
heading, muck was generated at a combined rate ranging from 2000 to
4000 cu yd per day.

2. 6. 3. 6 Contract Documents

The contract documents contained provisions affecting three gen-
eral areas of the disposal process:

a. The requirement that a contractor dispose of all tunnel
muck.
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b. The provision that the contractor obtain land use permits
at the access shaft site.

c. The requirement that a contractor obtain all the necessary
permits for trucking or disposal.

The requirement that the contractor dispose of all tunnel muck
was a standard contract item for most tunnel work in New York City.
In this case, the wording in the contract required the contractor to
dispose of the tunnel muck outside the limits of work for the tunnel,
and also required that the expense for removal of tunnel muck be in-
cluded in the unit price for excavation of the tunnel.

The land around each of the access shafts was owned or under the
supervision of other city agencies. The New York City Park Department
owned the land in Van Cortland Park and at the High Bridge Park Site.
The amount of land made available to the contractor as a work area in
each park was generally limited to the minimum necessary to conduct
the work at the shaft sites. Additional land for storage of tunnel
muck was not provided.

Trucking activities were restricted by permits to nighttime work.
The reasons given for this restriction were based on noise and general
construction interference with city traffic. The contractor was thus
forced to remove muck by trucks between 8 p.m. and 6 a.m.

2. 6. 3. 7 Disposal of Muck

During the course of the job, muck disposal at times became a
critical problem. Storage areas at each of the main shaft locations
were limited. As a result, only one or two days' production of muck
could be retained at the shafts. If the muck were not removed, then
the tunneling activities would have to be shut down.

In the early stages of the operation, muck was disposed of at
sea. Bad weather caused problems for disposal at sea and resulted in
scheduling problems for muck disposal. In order to avoid this prob-
lem, an engineer was assigned to the full-time job of insuring sched-
uled disposal of the tunnel muck. Trucking and ocean dumping were
adopted as alternative methods of disposal. The method of muck dis-
posal was often a balance between either the net costs or loss on the
sale of tunnel muck versus the guaranteed loss and scheduling problems
if the tunnel works had to be closed down.

Disposal sites for the drill and blast muck included ocean dump-
ing, stockpiling of fill at a quarry in Westchester County, landfill
operations in the meadow lands in New Jersey, and use of material as
fill in the extension of Battery Park at the lower tip of Manhattan.
Tunnel muck was used as rock fill in Area 1 of the Battery Park pro-
ject. The location of the fill area in the lower west side of Manhat-
tan is shown in Figure 2-7. According to the Battery Park specifica-
tions, rock fill could not contain particles greater than 9 in. in
maximum dimension. The contractor for the Battery Park work accepted
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the rock muck as a raw material and then set up a portable crushing
plant to crush the blast rock to the specification tolerances.

Through fortunate circumstances, some of the rock muck was also
used to construct a compacted fill pad to support the foundations for
two 13-story apartment buildings and a related garage and day-care
center, as shown in Figure 2-8. A Housing Project in Yonkers, New
York was located on a low-lying site covered with a layer of miscel-
laneous fill up to 8 ft in depth. The project engineers recommended
to the New York State Urban Development Corporation that the fill be
excavated and replaced with a compacted fill [2-23]. The shot-rock or
rock muck from the tunnel was placed and compacted with standard earth
moving equipment illustrated in Figure 2-8c. Settlement monitoring
during construction and for a short period after construction
confirmed the predicted negligible building settlements. Spread foot-
ings were constructed on the fill using an allowable bearing pressure
of 4 tons per square foot (tsf )

.

The use of rock muck resulted in a
significant cost saving over other processed fill materials which were
available.

FIGURE 2-8a. WHITNEY M. YOUNG, JR.
APARTMENT COMPLEX

FIGURE 2-8b . PLACEMENT OF ROCK
MUCK

FIGURE 2-8c . COMPACTION OF ROCK MUCK
WITH VIBRATORY DRUM ROLLER

FIGURE 2-8. HOUSING DEVELOPMENT, YONKERS, NEW YORK
SOURCE : LANGAN ENG

.
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2. 6. 3. 8 Disposal Restrictions and Difficulties

Unless the muck produced during the daily tunneling activities
was continuously disposed of, the tunnel job would have to be stopped.
In order to maintain this disposal process, the contractor worked on a
full time basis to arrange disposal sites for the material. Due to
the relatively long duration of the job and the high volume of muck
which was produced, no single landfill site was able to absorb the en-
tire volume of tunnel muck produced from these contracts. The con-
tractor therefore arranged for numerous disposal sites through public
and private sources. Some of the more significant problems affecting
muck disposal were:

a. Location of a site storage room

b. Location of a "dependable" disposal site

c. Cost of disposal

d. Establishment of contract agreements for disposal sites or
services

e. Weather

f. Equipment maintenance

g. Permit restrictions

On-site storage of muck was very limited. Only one or two days'
production of tunnel muck could be stored in the muck bins at each of
the access shafts. Without additional room for the temporary storage
of the tunnel muck, the tunnel job would have to be shut down.

The location of dependable disposal sites for the tunnel muck was
controlled to a great extent by the ability of the contractor to lo-
cate such sites either through private trucking contractors or through
a general knowledge^ of construction activity in the New York City
area. Locating these sites was a full time job. Sites for the entire
muck volume were not located during the bidding period. Since the en-
tire tunneling production schedule was contingent on muck disposal,
the dependability of access to the disposal site was very critical and
often superceded the problems of disposal cost.

The cost associated with muck disposal depended very much on the
market value of fill materials. The supply and demand for fill in and
around the New York City area fluctuated with construction activities.
When fill material was in demand, the contractor was able to supply
fill and receive a satisfactory price for the material. This price
would generally cover the disposal or trucking costs. At other times
when construction activities were slow, the muck would be considered a
waste material and the contractor would have to absorb part or all of
the costs of disposal of the material in order to be sure that the
tunnel construction would proceed. Generally the costs associated
with trucking limited the sale of muck to an area within 20 miles of
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each access shaft. Beyond this point, the additional cost for truck-
ing would drive the prices above the price for material which would be
commonly available in the area.

One of the important aspects of muck disposal was the rapid re-
sponse to a request to supply fill to a particular site or to supply a
particular trucking subcontractor. Normally these agreements had to
be confirmed within a short time period, varying from one to three
days, or else the disposal opportunity would be lost.

The weather was also an important factor. At the two sites
equipped with marine disposal, the barging method was used initially
to dispose of the muck. However, during the winter months, storms at
sea could either prevent the barges from being towed to the disposal
area or else, once the scows were at sea, a fog might roll in, forcing
the scows to be temporarily tied up at a safe harbor location. Also,
the rental cost of the scows and tug boats had to be absorbed while
they were sitting idle. Thus, the addition of truck disposal methods
at the two marine sites provided the contractor with the option of
either trucking or barge disposal. When bad weather, such as snow,
would prevent trucking operations, the contractor could resort to the
scow and barging techniques. The existence of alternate methods of
disposal was also an advantage to the contractor in negotiating prices
for trucking services.

The relatively small work site around each of the access shafts
made it difficult to load large numbers of trucks in a short period of
time. Thus it was necessary to have all equipment in good repair. A
breakdown of a piece of loading equipment would be a very serious
failure in the disposal sequence. For example, disposing of several
thousand yards of muck required a truck to be loaded every three or
four minutes. The breakdown of either loaders or trucks then repre-
sented a real problem.

Usually it was not a problem to obtain the necessary permits for
trucking over city and state roads. The only regulation which greatly
affected the muck disposal was the requirement that the trucking oper-
ations be conducted at night.

2. 6. 3. 9 Conclusions

a. Muck disposal in a major metropolitan area can be a serious
problem to a tunnel contractor.

b. The bidding period does not always provide sufficient time
for a contractor to line up all of the muck disposal sites needed to
complete a major job.

c. The contractor must be able to respond quickly to negotiate
agreements for muck disposal sites in order to continue tunneling
operations

.
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d. A muck utilization program could account for part of all of
the muck produced from a particular job. If only part of the muck
were included in the utilization program, then the program should con-
tain a flexible schedule. Thus, the tunneling contractor would have
the chance to minimize disposal costs be either using the programmed
site or else selling the muck, depending on the supply and demand for
fill.

e. Provision for additional temporary storage at access shafts
would be helpful in scheduling the trucking and providing a temporary
stockpiling area for tunnel muck should disposal operations be hamper-
ed by weather or other unpredictable factors.
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3. TUNNEL CONSTRUCTION EQUIPMENT AND TYPICAL MUCK PROPERTIES

3.1 INTRODUCTION

In addition to the type and condition of in-situ soil or rock,
the physical characteristics of tunnel muck also depends on the ex-
cavation method. For example, a particular rock fragmentation from
the drill and blast method may be required to obtain a muck gradation
which can be easily removed from the tunnel.

This section contains descriptions of some of the typical types
of construction equipment and techniques employed in tunnel excavation
and muck removal. The emphasis has been placed on describing those
facets of each technique which have the greatest influence on the muck
characteristics

.

3.2 ROCK TUNNEL BORING MACHINES (TBM's)

Rock tunnel boring machines or TBM's have been developed in an
attempt to increase the tunneling rate through more efficient rock ex-
cavating processes [3-1, 3-2]. Ultimately, machines may be developed
which will permit simultaneous and continuous excavation and liner
construction activities [3-3]. The emphasis to date has been placed
on the excavation process with the result that many TBM's have been
manufactured and used successfully in rock tunneling projects [3-4].

3.2.1 Cutter Design

Cutters for tunnel boring machines are designed to excavate rock
by minimizing the "specific energy" or work per unit volume of exca-
vated rock. An individual cutter is normally wedge shaped with a

relatively sharp point or with carbide buttons which are designed to
initiate failure in the rock by creating a high contact stress. When
the stress exceeds a critical value, the cutter displaces a volume of
rock equal to the volume of the cutter entering the rock plus a volume
of rock which has spalled away from the cutter. After indenting the
rock surface, the shape of the tool is then designed to burst the rock
adjacent to the cut. The bursting occurs by exceeding the tensile
strength of rock particles. The indentation process is inefficient,
but the bursting process is efficient. The size of the muck particles
is thus basically controlled by the bursting process. The indentation
formed by the tracking of the bit is referred to as a kerf.

Laboratory [3-5, 3-6] and field observations [3-7, 3-8] have been
conducted to evaluate the performance of individual cutters and the
assembly of cutters mounted on a TBM. Both small scale cutters and
full size TBM cutters have been laboratory tested. Small scale disc
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cutter test results have confirmed that the width of a cut is obtained
by overcoming the shear and tensile forces in the adjacent rock [3-6] .

The width of a cut is almost independent of the angle of the cutting
edge of the disc. Full scale laboratory tests of cutters and field
observations have confirmed that optimum cutting can be obtained by
varying parameters such as thrust, cutter spacing, and cutter diame-
ters .

The chipping or indenting process is aided by the presence of
minute flaws or joints in the rock. Thus theoretically cutters should
be designed to cut a kerf large enough to encounter several flaws.
Estimates place this depth from 0.4 to 1.0 in. In practice, however,
it is difficult to chip rock to these depths. The normal cutting
depth is usually an order of magnitude smaller.

A TBM is designed with multiple cutters spaced at different ra-
dial distances from the center hub of the machine. Typical rock TBM
machines are illustrated in Figures 2-5, 3-1 and 3-2. The spacing
between cutters, or kerf spacing, is determined by factors such as the
normal thrust and torque capacity of the machine and the strength of
the rock. Normally only one cutter tracks in each kerf. The bursting
of the rock thus occurs between adjacent kerfs.

Several types of cutters are currently available: roller bits,
disc cutters, and drag bits. The following paragraphs summarize the
general advantages and limitations of each cutter type.

3.2.

1.1

Roller Bits

Roller bits equipped with carbide buttons are usually reserved
for attacking hard rock because very high contact stresses can be
created due to the spherical shape of the carbide teeth fitted to the
perimeter of the roller. The rock is chipped in a tangential direc-
tion, and the debris is controlled by the spacing of the teeth. As a
result of the geometry of the bit and the method of attack, the debris
size is small and the specific energy is high [3-5, 3-8].

3. 2.1.

2

Disc Cutters

Disc cutters, on the other hand, are designed to spall or burst
the rock with a minimum amount of crushing beneath the edge of the
disc. Discs can be designed with single or multiple cutters per cut-
ting unit. Special carbide inserts can be added to the perimeter of
the disc to deal with hard rock formations. In extremely hard rock,
full face carbide inserts can be used. Disc cutters are illustrated
in Figures 2-6 and 3-2.

3.2.1.

3

Drag Bits

Drag bits are intended to chisel a groove or kerf and then break
out the rock between kerfs. A tunnel boring machine fitted with drag
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SOURCE : JARVA
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FIGURE 3-2. TBM USED FOR MIXED FACE CONDITIONS

SOURCE : JARVA

bits [3-9] was developed in England for use in the soft chalk deposits
of the Channel Tunnel. Cook [3-10] analyzed rock cutter design and
compared the performance of drag bits to discs. For equal rates of
cutting work. Cook demonstrated that the cutting velocity of the disc
must be greater than the drag bit. Since lower velocities mean longer
tool life, the drag bit under favorable circumstances can be more
advantageous than the roller bit.

Atlas Copco Inc. has developed a unique machine that uses drag
bits to excavate rock by an undercutting process. The machine design
was originally patented in 1951 by an Austrian engineer, Joseph VJhol-
meyer, and was later used by the German firm of Krupp as an experi-
mental machine on soft rock deposits [3-11]. The machine is illus-
trated in Figure 3.3. According to the manufacturer's claims, the
drill bits are in contact with only 15 to 30 percent of the total rock
volume. The majority of the rock is broken off toward a free face,
resulting in a coarsely fragmented muck at a relatively low specific
energy [3-12]. Coarse particle size ranges from 6 to 9 in. and typi-
cally less than 10 percent of the muck is finer than 3/8 in.
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SOURCE: ATLAS COPCO

3.2.2 Thrust and Torque Capacity

The total thrust and torque required to operate a TBM efficiently
is a result of several factors including the type of rock to be ex-
cavated, the number and type of cutters, the desired rate of advance,
and the general hydraulic and mechanical efficiency of the TBM.

However, the overall power curve, as shown in Figure 3-4, pro-
vides some basic insight into the rock drilling process. As the ma-
chine starts to attack the rock face, the applied pressure is low and
the cutters ride the rock and produce little penetration and a fine
debris. As the thrust pressures are increased the cutters engage the
rock and, above a critical thrust, rock fragmentation begins.

Once the rock fragmentation begins, there is a linear relation-
ship between penetration rate and power. An increase in power results
in a proportional increase in penetration rate. Also, the average
size of the debris increases and "good boring" is obtained.
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Note : E
s

refers to specific energy

FIGURE 3-4. TYPICAL TBM POWER CURVE - PENETRATION
RATE VERSUS POWER [3-8]

SOURCE: GAYE; p. 41

If the thrust is continually increased, secondary crushing be-
comes a factor; the penetration rate falls off and the muck particle
size also decreases. Laboratory tests of single cutters have indi-
cated similar trends [3-13].

The efficiency of the overall boring process is proportional to
the reciprocal of the specific energy. As shown in Figure 3-4, the
specific energy per unit of power remains constant during the good
boring range of penetration. When the rock is under attack, the cut-
ters theoretically apply equal forces on the face. If the number of
cutters is increased and the force per cutter is maintained, then
specific energy increases and the efficiency decreases. If the number
of cutters is reduced, the spacing between cutters increases and ef-
ficiency improves.

As the spacing between cutters is increased, it becomes necessary
to increase the force per cutter in order to provide an increase in
the lateral force. The increase in laterial force is required to
shear the additional length of rock contained between the adjacent
kerfs. Therefore, for a constant force per cutter, there is an opti-
mum cutter spacing. The spacing of disc cutters can be varied during
field trials to determine the optimum spacing for a given rock type.

It should be noted that an increase in the force per cutter will
also result in an increase in the depth of penetration of the cutter.
Consequently, for a wedge shaped cutter, the volume of rock broken
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free is proportionally increased and the work per volume of rock, the
specific energy, remains constant. The efficiency of the machine is
thus unchanged.

During good boring the specific energy remains nearly constant.
An analysis of the cutting action of disc cutters reveals that the
specific energy due to thrust is small compared to that due to torque
[3-8]. For a given machine with fixed cutter spacing, energy consid-
erations lead to the conclusion that the tangential force should be
proportional to the penetration per revolution during good boring. A
variation in the applied torque or tangential force will therefore
have a substantial effect on the penetration rate and little effect on
the particle size as determined by the kerf spacing.

The kerf spacing must be chosen as a compromise between the max-
imum allowable load on the cutter bearings and the use of a close
spacing which results in a small debris and a more inefficient frag-
mentation process. For maximum performance in a given rock, the cut-
ters should be v/orking at their full rated capacity at the same time
that the maximum torque is generated.

Typical values of thrust and torque have been summarized by Mel-
lor and Hawkes [3-7], Plots of thrust and torque versus face diameter
are shown in Figures 3-5 and 3-6 respectively. The thrust force per
cutter was found to range from 12,000 to 52,000 lb; the typical value
is approximately 30,000 lb. Average thrust pressures (thrust divided
by area) on the rock face range from 25 to 100 pounds per square inch.

Data plotted in Figure 3-6 show machine torque to be proportional
to the diameter raised to a power of approximately 2.3. For a con-
stant head rotational speed, the torque should be proportional to the
square of the diameter. The variation is attributed to the fact that
larger machines typically rotate at slower rates, probably to reduce
rotational speed of the peripheral cutters.

Horsepower data for tunneling machines are shown in Figure 3-7.
Larger machines generally have lower rating of power per unit area of
face

.

In summary, TBM's are designed to produce the best penetration
rate in a given rock by developing optimum thrust and torque forces.
There is a range of input power during which good boring is developed.
The muck particle size is related to the spacing of cutters. This
spacing is adjusted in accordance with cutter bearing capacity to pro-
duce the optimum boring rate. The size of the muck particles is sig-
nificant only if the particles are very small indicating poor fragmen-
tation or if they are too large and can clog the cutting discs or
mucking machinery.
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3.2.3 Typical Gradation of TBM Muck

The gradation of TBM muck will depend on the rock type, machine
characteristics, and operating conditions. The larger particles are
typically thin with maximum dimensions ranging from 3 to 5 in . A
photograph of muck produced by a Robbins TBM from Contract A6a in the
Washington DC METRO is shown in Figure 3-8. Note the sharp angular
characteristics of the muck particles shown in the close-up pho-
tograph .

(a) Muck pile (3 in. to No. 200 sieve size)

(b) Close-up (2 in. size)

FIGURE 3-8. ROCK MUCK FROM WASHINGTON METRO CONTRACT A6a
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Other investigators. Holmes & Narver Inc. [3-14, 3-15] and Sap-
erstein and Raab [3-16] have collected and analyzed samples of TBM
muck. Pertinent data from tunnels used in their studies have been
summarized in Tables 3-1 (a and b) and 3-2. Gradation data from these
reports have been reproduced in Appendix B.

A comparison of the shapes of the curves indicates little dif-
ference among the samples. For example, the maximum particle size is
usually less than 5 in. and almost all samples contain less than 15
percent silt size particles (percentage is smaller than the No. 200
mesh sieve). Intermediate particle sizes generally include fine grav-
el and coarse to fine sand. Since all particles must pass through
sieves with square openings, it should be noted that gradation curves
represent the middle dimension of a "rectangular prism". Thus the
typical long thin particle shape is not apparent from gradation data
alone

.

Nevertheless the samples would normally be classified as gravelly
coarse to fine sands, trace to little silt and trace cobbles (par-
ticles 3 to 8 in. ) . The samples would also be described as cohesion-
less since little or no clay size materials are included. However, if
the muck samples are damp, the muck may display "apparent cohesion."
This apparent cohesion allows the muck to "ball up," but either
additional water or drying will eliminate the apparent cohesive
properties.

In an attempt to relate typical gradation properties to rock
type, the coefficients of uniformity (C and of curvature (C c ) were
evaluated for the gradation curves in Appendix B. These coefficients
are commonly used to evaluate whether or not a soil sample is well-
graded [3-17]. A well-graded soil would have nearly equal proportions
of gravel, sand, and silt sizes. For example, a soil consisting of
cobbles mixed with silt would be "gap-graded" since no sand size
particles were included. Generally, well-graded soils are preferred
in construction activities because they are more stable when
compacted. The Unified Soil Classification System has incorporated
the coefficients of uniformity and curvature to aid in the description
of soil types.

The coefficients describe the
curve and are defined as follows:

Coefficient of uniformity, =

Coefficient of curvature, C
c =

D-^q = Diameter at which 10 percent of the material is finer

.

d 30 = Diameter at which 30 percent of the material is finer.

d 60 = Diameter at which 60 percent of the material is finer

.

slope and shape of the gradation

°6 0

D
10

(D
30 )

D
10

X D
6 0
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16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

TABLE 3-la. BORING MACHINE TUNNELS SAMPLED BY
HOLMES & NARVER , INC. [3-15]

SOURCE

:

HALLER; Appendix C

Name Location Rock Type

Nominal
Compressive

Strength
qu ksi Diameter

Number & Type
of Cutters Machine

Nast Tunnel Mer ideth

,

Colorado
Granite 18 9 . _ 9

.. 25 - Carbide
button

Wirth

Lakeshore
Mine

Casa Grand^
Ari zona

Quartz
Monzoni te

32 1
3

' (Vert-
ical Bore)

27 - Steel Disc Robbins H81R

Nast Tunnel Merideth,
Colorado

Granite 24 9
1 - 10 " 29 - Carbide

Button
Wirth

New York City
Contract #13

New York
City, NY

Mica Schist 13 8' -6" 17 - Disc Jarva 8-806

Name and Location Not Known Mica Schist 11 11 ’ 34 - Multiple Disc Jarva, Mark
11-1100

Name and Location Not Known Sands tone 22 1 8 ' - 1
” 47 - Steel Disc Robbins

131-122

Name and Location Not Known Limestone 20 1

3

1 - 8” 28 - Carbide
button, roller
disc, and triconc-

Aik i rk

Name and Location Not Known Sandstone .05 to .15 10
' (high)

8' (wide)
72 -

ped
Carbide tip-
'pick'

Alpi ne

Name and Location Not Known Silts tone 2 20 ' -6" 36 -

32 -
Discs
Pick bits

Dresser TB-205

Current and
Layout Tunnel

Heber Ci ty,

Utah
Granite
Gncss

9 13' 19 - Carbide Calweld Hardrock
Model #40

Mather "B" Negaunee,
Michigan

Hematite 7 9'-iiy 278 - Drag bits Calweld Oscillato

New York City
Contract #13

New York
City, NY

Mica
Schist

15 11' 36 - Disc Jarva, 12-1100

Name and Location Not Known Limestone 36 11 ' - 2

"

27 -

and 1

Triple Disc
cone

Jarva Mark
11-1100

Name and Location Not Known Limestone 29 1 3
' - 8

" 28 -

ton

,

and

Carbide But-
roller, disc,
tricone

Alkirk

Name and Location Not Known Sandstone 22 18’ -1" 47 - Steel Disc Robbins 131-122

Name and Location Not Known Sands tone 10 12' -11" 32 - Steel Disc Robbins 141-127

Name and T **cation Not Known Sands tone 11 18 ’-4" 32 -

ton

,

and

Carbide But-
rollcr, disc,

tricone

Lawrence HRT

Name and location Not Known Limestone 26 10’ -4" 26 - Discs Robbins 105-144

Nast Tunnel Meridetfy
Colorado

Grani tc 18 9 ' -9" 25 -

ton
Carbide But- W i r th

Lakeshore
Mine

Casa Grande,
Arizona

Quartz
Monzoni te

3 4
' (Verti-

cal Bore)
11 - Steel Disc Robbins II81R

Mather "B"
Mine

Negaunee

,

Michigan
Hematite and
Mar ti te

6 10
' (Wide)

x 9 ' -6"
68 -

ped
Carbide tip-

" Plumb Bob"
Alpine Model F-6a

typo
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37

38

39

40

41

51

52

53

54

55

56

57

58

59

TABLE 3-lb. DRILL AND BLAST TUNNELS SAMPLED BY
HOLMES & NARVER, INC. [3-15]

SOURCE: HALLER; Appendix C

Nominal
Comprehensive Number and
Strength, Dimensions of Drilling

Name Location Rock Type q u > ksi Tunnel Size Drill Holes Machine

Hunter Tunnel Merideth

,

Colorado
Granite
Gneiss

39 10' x 10'

(modified
horseshoe

)

36-40 holes,
1-3/4" <)> by
11' deep

4 Boom
Hydro jib
Jumbo

Hunter Tunnel Merideth

,

Colorado
Granite
Gneiss

29 10' x 10'

(modified
horseshoe

)

40 holes
1-3/4” * by
11' deep

4 Boom
Hydro j ib
Jumbo

Homes take
Mine

Lead

,

South Dakota
Phyllite 19 7 ’6" wide by

7' 6" arch
34 holes,
IV <(> by
6

' deep

2-6'

Fixed
Air Legs

Lakeshore
Mine

Casa Grande,
Arizona

Quartz
Monzoni te

7 15' wide by
14' high
(arched back)

42 holes
1- 3/4" <)> by
10V deep

3 Boom
Hydro j ib

Jumbo

Name and Location Not Known Sandstone .05 to
. 15

5' wide by 9 '•

high (rectang-
ular)

18 holes,
IV <(> by
6 ' deep

LEROI
Model 35

Lakeshore
Mine

Casa Grande,
Ari zona

Quartz
Monzoni te

25 18' wide by
16 ' high
(arched back)

47 holes
1-3/4" <(> by
10y deep

Gardner^
Denver
3 Boom
Jumbo

San Manual
Mine

San Manual,
Arizona

Quartz
Monzoni te

19 12’ by 12' 52 holes
1-5/8" <)> by
5 ' deep

3 Boom
Hydro j ib

Jumbo

Lakeshore
Mine

Casa Grande,
Arizona

Quartzite
and Traci te

26 16' wide by
by 14 1 7" high
(arched back)

42 holes
1-3/4" <(> by
6

' deep

Gardner-
Denver
3 Boom
Jumbo

Lakeshore
Mine

Casa Grande,
Ari zona

Quartz
Monzoni te

28 18' wide by
16' high
(arched back)

47 holes
1-3/4"

<t> by
10y deep

Gardner^
Denver
3 Boom
Jumbo

Name and Location Not Known Siltstone
and Shale

23 24' wide by
7y high
(rectangular)

35 holes
1- 3/4" <(> by
10 >s' to* 11'

deep

2 Boom
Hydro j ib
Jumbo

Magma Mine Superior

,

Arizona
Conglomerate 11 9' by 10'

high
42-50 holes
1-3/8" by
5*5' deep

3 Boom
Hydrauli:
Jumbo

Name and Location Not Known Granite 35 10' by 10'

(horseshoe)
48 holes
1- 3/4" <j> by
8

' deep

Crawler
Jumbo

Hunter Tunnel Merideth

,

Colorado
Granite 32 10' by 10'

(modified
horseshoe

)

38 holes
1-3/ 4" by
10 *

5
' deep

Hydrojib
Jumbo

Nast Tunnel Merideth

,

Colorado
Biotitic
Granite

28 10' high by
16

' wide by
8' (alcove)

72 holes
1-3/4" 4> by
9

' deep
2-SS3F
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TABLE 3-2. BORING MACHINE TUNNELS SAMPLED BY
SAPERSTEIN AND RAAB [3-16]

SOURCE: SAPERSTEIN & RAAB; p. 713

Nominal
Compress i vc

Sample
No. Name Location Rock Typo

Strength

,

q„, ksi Diameter
Number & Type
of Cutters Machine

1 to 5

i, 10
Navajo
I rriga t ion

,

1971, 1972

Farmington

,

New Mexico
Sands tone 1 11

' 36 double disc Dresser

6 & 13 White Pine,
1971, 1972

White Pine,
Michigan

Sands tone
Shale

25
10

18' 47 disc Robbins

7 Moss Point
Drainage
Sys tern

Euclid, Ohio Shale 2 14’ 3" 30 multi-disc Jarva Mark
12-1403

3 North Branch
Interceptor
Sewer Condui

t

New York Ci ty Mica Sell i s

t

2 5 1 1
' 25 multi-disc

with button insert
Jarva Mark 12

9 Queen Lane
Raw Water
Condui

t

Phi lade lph i a

,

Pennsy lvania
Mica Schist
i. Quart/

2 5 1 1
' 27 double disc Jarva Mark

11-1100

1 1 Currant
Creek

Ilcbor City,
Utah

Sandstone 5 1 3' 29 disc Robbins 141-1

12 Toron to
I n terceptor
Sower

Toronto,
Canada

Sha le 5 12' 25-30 disc Robbins 126

14 Nas t Aspen

,

Colorado
Orani to 30 10 ' 26 button rollers Wi rth

15 Lawrence
Avenue

Chi cago,
Illinois

Dolomi t i

e

Limestone'
20 1

3
' 3

" 28 disc with button
i nsert

Lawrence

The following criteria have been generally accepted as defining a
well-graded sample:

and

1<CC <3

These coefficients have been evaluated and plotted versus nominal un-
confined compressive strength of the rock in Figures 3-9 and 3-10.
Compressive strength data were not available for all samples. From
these plots it is evident that, independent or rock strength, all sam-
ples met the criteria Cu <4. However, not all of the samples meet
the criteria 1<CC <3. For rock strengths less than 20 kips per square
inch (ksi) the average value of Cc is approximately 1; maximum values
are typically less than 2. For hard rocks with strengths greater than
20 ksi, values of Cc fall above and below the acceptable range. This
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accounted for, since hard rocks are commonly mined with carbide insert
discs or carbide roller bits which can produce additional crushing.
This crushing action can produce more fine particles resulting in
proportionately lower values for D 30 , which normally represents sand
size particles. Lower values of Dgg result in low values Cc . For
example, the gradation curve for Sample No. 8 (Appendix B, Figure B-2)
shows a bulge in the sand size range. On the other hand, if hard
rocks are mined with disc cutters, a gradation of material re-
presentative of Sample Ho. 13 (Appendix B, Figure B-4) , larger mid-
range particles are produced. The value of D 30 is thus increased and
Cc becomes comparatively large.

Several curves, such as Sample Nos. 31, 32 and 33 (Appendix B,
Figure B-10) resulted in extremely high values of both Cu and Cc . The
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curve for Sample No. 31 is altogether unique and might be explained by
sampling technique.

Based on an evaluation of Cu and visual inspection of gradation
curves, TBM muck can be classified as a well-graded material consist-
ing of gravel, sand, and silt size particles. Values of Cc are sen-
sitive to interpretation of gradation curves, and use of the coeffi-
cient may be unsatisfactory, particularly for rocks with strengths
greater than 20 ksi. The type of cutting bit will affect the indivi-
dual particle shape and gradation. If the mining is done with discs,
a larger percentage of coarse particles may be produced than if roller
bits are used.

3.2.4 Effect of Variations in Thrust on Muck Gradation

Gaye [3-8] and Saperstein and Raab [3-16] have reported varia-
tions in muck gradation due to changes in the applied thrust.

In the first instance, Gaye reported data for a TBM tested at
Dragonby Lines, England. Trials were conducted to evaluate machine
performance in a low grade iron ore deposit.

The machine was designed with inner and outer cutting heads which
rotated at 8.7 and 2.86 revolutions per minute (rpm) , respectively.
The inner cutting head was equipped with Hughes DGX discs and SCM
roller cutters, while the outer cutting head was fitted with DGX
discs. During the trial, the machine was advanced by raising the
thrust pressure in increments of 100 psi and then measuring the rate
of advance during a one foot stroke.

The percentage of particle sizes larger than 2 in. and smaller
than one-eighth of an inch were selected by Gaye to indicate the ef-
ficiency of the drilling process. At low thrusts, the muck contained
more than 40 percent of fine rock particles. As good boring developed
with higher thrusts, the muck becomes coarser, and just prior to the
initiation of secondary crushing, the muck contained less than 20
percent of fines and about 50 percent of rock particles were 2 in.
The test data are shewn in Figure 3-11.

Saperstein and Raab presented data for the muck produced at
Farmington (Figure 3-9), where thrust and rotation speed were varied.
These data, when prepared in plots similar to Gaye 1 s , indicate the
gradation curve changed slightly as thrust forces were decreased. A
close examination indicates that the particle sizes become coarser
when the thrust was decreased. Sample No. 1 compared to Sample No. 2

and 3. Secondary crushing was probably occurring at the higher
thrusts. Similarly, particle sizes increased when the rate of revo-
lution was decreased from 8 to 7 and then to 5 rpm. According to data
from Raab [3-18] the operational machine thrust and rotational speeds
were varied, but a thrust of 850,000 lb at 6 rpm was typical. The
cutters were thus used at high thrusts and low speeds in accordance
with anticipated criteria for best advance rates and longest tool
life

.
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Total Power, horsepower

800 900 1000 1100 1200 1300 1400

Total Thrust, PSI

FIGURE 3-11. VARIATION IN MUCK. GRADATION WITH CHANGE IN THRUST [3-8]

SOURCE: GAYE; p. 141

Thus, although thrust forces and rates of revolution may be vari-
able on TBM equipment, it is most likely that muck of a gradation typ-
ical of the best boring conditions will be produced. Variations in
thrust and speed to produce a desired gradation would result in in-
efficient boring and expensive tool wear.

3.2.5 Strength Properties of TBM Muck

A series of strength tests were conducted by Saperstein and Raab
[3-16] on samples of TBM muck to evaluate the angle of internal fric-
tion. The raw muck samples were tested in a 3 in. diameter by 6 in.
high, cylinder. Drained tests were conducted after saturating the
samples with water. Several tests were conducted on samples saturated
with either a detergent dust suppression agent or sodium citrate, a

rock softener. Test results are presented in Table 3-3, and a plot of
unconfined strength of intact rock versus angle of internal friction
for TBM muck is shown in Figure 3-12.

The data in Figure 3-12 indicate, in a general sense, that the
angle of internal friction is proportional to unconfined strength.
Hard, sound rocks produce muck with friction angles greater than 30

degrees. Weak, friable rock, such as sandstone, or weak shales may
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produce muck with low friction angles. These lower friction angles
are probably a result of crushing at the points of contact between
particles. Shales may also react to water, swelling and breaking down
into clay components. However, not all weak rocks produce low values
of internal friction as evidenced by the Toronto Shale and the Farm-
ington Sandstone where values of 21.5 and 30.0 degrees were measured.

TABLE 3-3. TRIAXIAL TEST DATA - TBM MUCK SAMPLES [3-16]
SOURCE: SAPERSTEIN & RAAB; p. 723

Tunnel
Location

Rock
Type

Nominal
Unconfined
Compressive

Strength, ksi

Angle of
Internal (1)

Friction,
0, Degrees

Philadelphia Mica Schist
& Quartz

25 28 .

5

Farmington Sandstone 3 30.0

Heber City Sandstone 5 o'
1 '

Nast Granite 30 37.0

Chicago Dolomi tic
Limestone

20 38.0

Toronto Shale 5 21.5

While Pine (1971) Sandstone 21 33.0

ANGLE OF INTERNAL FRICTION, , DEGREES

Saturation Fluids

Rock
Type

qu
ksi Location Dry

Sodium
Water Detergent Citrate

Mica Schist 25 New York 32 32 30 27

Shale 2 Cleveland 32 0< 3 >
oo

NOTES

:

(1) Determined

(2) Test data

(3) Test data

(4) Test data
possible

from drained

subject to

subject to interpretation;

subject to interpretation;

$ = 15° is possible

4* = 20° is possible

low values of $

triaxial tests,

interpretation

;
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FIGURE 3-12. UNCONFINED COMPRESSIVE STRENGTH OF INTACT ROCK VERSUS
ANGLE OF INTERNAL FRICTION FOR TBM MUCK [3-16, 3-18]

SOURCE: SAPERSTEIN & RAAB

The hardness of individual grains or particles must be considered.

Thus a weakly cemented sandstone consisting of hard quartz particles
could produce high friction angles, particularly for well-graded sam-

ples.

3-21



The use of detergents or rock softening chemicals reduces the
values of the angle of internal friction. Sound mica schist from New
York showed a drop from 32 to 27 degrees when sodium citrate was added
to the pore water in the triaxial sample. Softening of the rock at
interparticle contact points probably accounts for the strength loss.

In summary, the angle of internal friction for well-graded TBM
muck from hard rocks may range from 30 to 40 degrees. Weaker rocks
may produce muck with friction angles measuring from 15 to 30 degrees
depending on the nature of the rock. Detergents and rock softening
chemicals can decrease measured friction angles.

3.3 ROCK EXCAVATION BY DRILLING AND BLASTING

Drilling and blasting techniques have been developed to the stage
where the use of blasting agents is frequently more economical than
the tunnel boring machine concept. The techniques can be adjusted and
adapted easily for small and large diameter tunnels and varying types
of rock hardness and competency of rock.

Advantages include flexibility of the technique and low initial
cost of the operation. A contractor has a small capital outlay for
the machinery needed for drilling and almost no capital investment as
to the blasting agents used since the supplier is more than happy to
provide storage and hauling facilities for the same price.

The disadvantages of drilling and blasting include the following:
dangers of overbreak and rock damage, cyclic mining activities, and
the need for large crews and skilled miners.

The primary requirement used in drilling consists of air opera-
ted, hydraulically maneuverable, drills of high strength steel to
which rock boring bits containing chisel teeth of tungsten carbide or
tungsten carbide buttons are attached. Drilling is performed from a
platform known as the drilling jumbo, of which a variety of types
exist; it could be mounted on a rubber tired vehicle; it could be a
track mounted rig with folding sides, permitting maneuvering of muck-
ing and loading equipment to the heading; or it could be a gantry rail
jumbo, a drilling platform that moves on wide spaced rails, allowing
the mucking and loading equipment to travel below and through the rig
itself. Figure 3-13 shows a typical drill jumbo used in tunneling.
The production rate of a drilled and blasted tunnel is a function of
coordination between drilling, loading and mucking. Optimum progress
can be achieved at minimum cost by properly balancing the drilling and
leading cycle with the mucking cycle.

When rock in a tunnel is excavated by conventional drill and
blast procedures, the following variables are of primary importance
for determining the size characteristics of the muck.

a. Drill hole characteristics

b. Amount and type of explosive
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c. Blasting pattern

d. Overall geometry

e. Rock mass characteristics

No theoretical relationship exists, however, for predicting the
degree of fragmentation or the size distribution of the muck produced
by a given blast as a function of the above variables. Predictions
are still based almost entirely on empirical information collected by
blasting experts. Moreover, the prediction of experts would only be
used for cost estimates and for preliminary test blasts at the site.
After test blasting, the optimum drill and blast cycle giving the best
advance rate would be chosen.

FIGURE 3-13. TYPICAL DRILL JUMBO

SOURCE: INGERSOL - RAND

The character of the muck pile is an important variable in deter-
mining the advance rate. In general, the contractor attempts to mini-
mize the amount of drilling, explosive, overbreak and fumes and maxi-
mize the amount of fragmentation. As more holes are drilled and more
explosive is used, costs and fragmentation generally increase, but
costs for loading and hauling the muck decrease. Cost decreases are
realized by less wear and tear on equipment, quicker handling, and
fewer secondary blasts to break large blocks. Hence, an optimum size
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distribution of the muck minimizes the total cost of rock tunneling.
Usually the optimum size distribution is determined by "feel," rather
than by cost studies.

Actual fragmentation of the rock is caused by three different
phenomena related to the explosion: crushing, gas pressure, and shock
waves. Crushing occurs in the immediate vicinity of the drill hole
and is a minor factor in fragmentation. If the rock mass does not
disintegrate, very little rock is fragmented by crushing. Gas
pressures contribute to rock mass disintegration by inducing separa-
tion along existing discontinuities and cracks caused by the blast.
Shock waves produced by the blast do little damage until they strike a
free surface. When this happens, the shock wave reflects from the
free surface and induces high tensile stresses in the rock. Since
rock has low tensile strenth, the reflected stress wave is very effec-
tive at causing fractures. Recent tests have shown that reflected
shock waves are the most effective source of fragmentation.

3.3.1 Spacing and Number of Blast Holes

Spacing of the holes is of utmost importance. As spacing de-
creases fragmentation increases, but in a non-linear fashion. It ra-
pidly becomes uneconomical to continue drilling more holes to increase
fragmentation

.

Hole size (diameter) is not a significant variable. But a large
hole relative to the size of the charge serves to cushion the blast
slightly and reduce fragmentation. The hole size can be important if
the entire hole is filled with explosive since the effectiveness of
the charge is related to its size. The diameter of most drill holes
varies from 1-5/8 to 2 in.

Deviation of the drill hole from the intended alignment is also
not an important variable unless it deviates so far that the blasting
pattern is disrupted. Excessive deviation can result in excessive
overbreak and increase the amount of muck.

3.3.2 Amount and Type of Explosive

The degree of fragmentation will increase in a non-linear fashion
with the amount of explosive, provided the blast is well planned. The
energy from the explosive can be expended in ways which are counter-
productive, e.g., by increasing the throw. A scattered muck pile is
difficult to load, is unsafe, and can interfere with other tunneling
operations

.

Many types of explosives are available, differing by their physi-
cal and chemical properties. One of the most important properties
relative to fragmentation is the velocity or detonation rate of the
explosive. This quantity, defined as the rate at which the detonation
wave travels through a column of explosive, typically varies between
4,000 and 23,000 feet per second (fps) and depends to some extent on
the diameter of the charge. As the velocity increases, the shattering
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effect will be greater in hard rocks although not necessarily in
softer rocks. This effect also depends on the strength and density of
the explosive [3-19],

The explosives used in rock tunnels are (1) explosive gels, nor-
mally refered to as stick powder, (2) an-fo, which is a mixture of am-
monium nitrate and fuel oil, and (3) slurry, which is an explosive
mixture in a liquid form. Recently the industry has seen the advent
of a plastic explosive agent called Tovex which is contained in a fine
membrane plastic tubing and is easily stored, is extremely safe to
handle, and produces non-toxic fumes.3.3.3

Blasting Pattern

The blasting pattern refers to the manner in which the explosives
are detonated. It is possible to delay the detonation of specific
charges relative to other charges from a few milliseconds to several
seconds. This has several beneficial effects relative to fragmenta-
tion. As each blast detonates, the burden is successively reduced,
facilitating disintegration and providing more free surfaces for the
generation of reflected shock waves. Moreover, later blasts throw
blocks of rock against rock already in flight to cause additional
shattering.

The proper choice and distribution of delays is critical to a
well planned blast. The failure of even a single charge in the se-
quence can sometimes cause the blast to fail completely. Although any
reasonable delay pattern is usually better than simultaneous ignition,
conclusive evidence shows that the shorter delays (millisecond) cause
considerably more fracturing than the longer delays (multi-second)

.

3.3.4

Overall Geometry

Overall geometry refers to the spacing and depth of the holes
relative to the size of the tunnel. Since spacing of drill holes has
already been discussed, this section deals with the depths of the
holes or the length of the round which is referred to as the burden.
For small openings especially, the burden must be carefully selected
to make the blast efficient [3-20]. If the burden is too great, much
less rock is moved than was drilled, and the fragmentation is poor.
If the burden is too small, the quantity of rock is small, the fly
rock is excessive, and the fragmentation may again be poor, since the
rock is simply dislodged without being fractured.

3.3.5

Rock Mass Characteristics

Each blasting job differs with respect to the rock type and the
character and intensity of the natural discontinuities. Hard rock
such as granite can resist the shock waves and will form large angular
blocks of rock. On the other hand, sedimentary rocks, unless they are
soft, fracture much more easily and absorb the blasting by crushing.
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Even with the advent of smooth wall blasting and controlled det-
onation of the round in the tunnel, overbreak can be minimized, but
never eliminated, by the use of blasting. The energy generated by ex-
plosive agents must find avenues of escape in the rock itself, and
there is no method yet devised that would limit this to zero. Also
the rock quality, as affected by the presence of shears and faults and
the depth of the rock, play a major role in the control of overexcava-
tion. Since blocks tend to be jarred loose by explosive forces, even
smooth wall blasting has its limits in controlling overbreak in sharp-
ly dipping rock, sheared rock, and gouged areas.

The excavation cycle in a rock tunnel includes the following ac-
tivities :

a. Drilling

b. Loading the charges and detonating the round; often called
"load and shoot"

c. Ventilating (i.e. clear the heading of all toxic fumes)

d. Mucking cycle

e. Constructing temporary or permanent support

f. Moving equipment in and out of the heading for these var-
ious cycles

3.3.6 Typical Tunnel Blast Round

Figure 3-14 illustrates a typical tunnel blast round. The two
holes in the center are oversize and not loaded which, together with
the first 8 drill holes, form what is called the burn cut. Rock in
this area is crushed, sheared and fractured to a large degree and
blown out of the rock mass to provide relief for the rest of the
blast. The remaining explosive is detonated in the order shown by the
numbers at each hole. For the example sited, the first eight delays
in this round were millisecond delays (nominally 0.025 second inter-
vals), and the rest were longer delays of up to approximately 5 sec-
onds. Fragmentation could have been improved by using all millisecond
delays

.

3.3.7 Typical Properties of Blast Rock

The muck generated by drill and blast mining contains particles
ranging in size from cobbles and boulders to silt size particles.
Properties of the rock mass can greatly affect the size of the larger
particles from a given blast, whereas the crushing or pulverizing of
the rock immediately around the drill hole creates fine particles.
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Sound rock masses with few joints tend to generate well
graded muck with reproducible gradation from each blast. On the
other hand jointed or folded rock masses can produce large boulders
which require secondary drilling and blasting.

SOURCE: LANGEFORS & KIHLSTRON
; p. 211

Average Hole Spacing = 2.5 feet

Total Number of Holes= 36+2 empty

Length of Holes = 12.5 feet

Volume of Muck

Drill Factor

Power Factor

Diameter of

Drill Hole

= 47 cubic yards

= 10.5
feet

cubic yard
= 3 75 feet

cubic yard

= 1.4 in

.

FIGURE 3-14. TYPICAL TUNNEL BLAST ROUND [3-21]

The diameter of the crushed rock zone around a drill hole in-
creases with drill hole diameter and thus with charge concentration.
Data from the Swedish Blasting Technique [3-22] are reproduced
below:

Crushed circular
Drill hole diameter Concentration of charge section

mm kg/m mm

0.9
2.5

10.0

30
50

100
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The figures in the table above are based on a high strength
rock. In weaker types of rock, the amount of crushing which occurs
is much greater. A larger section outside the drill hole than that
shown in the table is crushed but not completely pulverized.

Muck gradation curves for several rock tunnels mined by drill
and blast methods are shown in Appendix B (Figure B-12). The
dimensions of cobble size pieces were not provided, but it is
probable they measured several feet in longest dimension. The
gradation curves for metamorphic and igneous rocks with low to high
strength are similar. Note, however, that the very weak sandstone
was broken down into the basic sand size particles, as would be
expected by the crushing phenomenon.

Subsequent sections provide additional discussion of the
strength and compression properties.

3.3.8 Fragmentation Changes - Economic Considerations

The drill and blast cycle is tailored, by trial and error, to
produce an optimum advance rate. The depth of the round, drill hole
spacing, and charges will be selected to minimize overbreak, the need
for secondary blasting of boulders, and mucking out costs. Any at-
tempt to change the gradation of the muck pile would probably result
in additional costs and less efficient mining. Since each tunneling
situation is controlled by different cost factors, including initial
capital equipment outlays and normal mining costs, the additional
cost would have to be determined on the basis of a thorough analysis
[3-23, 3-24]. However, the following simplified example indicates
that modification of the optimum fragmentation cycle may not result
in a net increase in tunnel costs.

Assume for example, that a finer muck gradation is desired. As-
sume further that the additional drill holes, powder, caps, mucking
costs and loss in rate of advance could add 3 percent to the cost of
mining the tunnel. The cost for a large diameter unlined tunnel will
depend on location, labor rates, rock type, etc., but could easily
range from $800 to $1000 per foot. For a round producing 100 cu yd
of loose muck the additional cost would amount to approximately $3.00
per cu yd. If the muck were then sold at typical market prices
ranging from $3.00 to $4.00 per cu yd (for use as rockfill or a
source of aggregate) the costs of deviation from the optimum blast
cycle would be recovered with a potential for profit besides. The
incentive for adopting a change in the fragmentation pattern could be
a profit for the contractor for producing a useful raw material which
could be used by the owner.

3.4 SOFT GROUND TUNNELING METHODS

Tunneling in soft ground has inherent advantages as well as dis-
advantages depending on the types of soils encountered. Stiff clays
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and hardpan or decomposed rock tend to minimize the disadvantages and
the support problems. On the other hand, silty clay, clayey silt,
sand, gravel and certain very plastic clays are major sources of soft
ground tunneling problems. The water inflow into a soft ground tun-
nel, if not reduced by the use of compressed air, slurries, or other
methods, tends to compound the disadvantages of soft ground
tunneling. Shields are utilized to provide temporary support of the
face and the forward section of the tunnel prior to erecting the
primary support system or tunnel liner. Typical soft ground shields
are illustrated in Figures 2-2 and 3-15.

FIGURE 3-15. TYPICAL SOFT GROUND SHIELD

SOURCE: MILWAUKEE
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3.4.1
Hand Mining Shields

Hand mining shields permit direct access to the face and permit
miners to excavate the exposed soil using hand tools such as shovels,
clay spades, and winch activated clay knives. Open face shields are
used in competent ground (the soil at the face is self supporting) or
else in conjunction with compressed air. Compressed air will stabi-
lize soft soils or reduce the inflow of water at the face.

The shield consists of a steel cylinder which is forced ahead
into the soil by hydraulic jacks reacting against the primary lining.
A hood projects forward at the crown, providing additional support.
In soft running ground, breasting plates may be erected to provide
additional support.

The shield itself has no direct influence on the muck character-
istics. The excavating tools can affect the general shape of the
particles. For example, a clay spade (pneumatic jackhammer) in stiff
clay will produce small chunks of clay.

3.4.2

Mechanical Shields

A mechanical shield is similar to a hand mining shield, with the
exception that it is fitted with mechanical excavating equipment.
The equipment can consist of rotary cutting wheels, an excavating
"tooth" (Figure 2-2), or a hydraulically operated bucket, similar to
a backhoe. The mechanical equipment permits more rapid excavation
rates but also restricts access to the face. The machines are best
suited for excavating stiff clays or decomposed rock where the face
will stand up. Compressed air can also be used to overcome face
stability problems.

The type of muck generated depends on the particular excavating
equipment. A cutter shield will produce small chips (about 1 in.
long) of stiff clay whereas an excavation tooth or bucket will pro-
duce larger (1 ft) clumps of soil.

3.4.3

Typical Properties of Soft Ground Muck

The muck produced in soft ground tunneling normally consists of
chunks of soil grading into the finer individual soil particles.
Cobbles and boulders will easily separate from sand and gravel
deposits, but the cohesive properties of clay soils or the apparent
cohesion in damp sand results in the chunky appearance of a muck
pile. If the soils were allowed to dry, then the non-cohesive soils
would break down into the gravel and sand components, while clayey
and silty soils would dry into brick-like pieces, the harder pieces
resulting from higher clay content.

Gradation curves for soft ground muck are shown in Figures 3-16,
3-17 and 3-18. The gradation of the muck will depend on the soil de-
posits encountered along the tunnel route. The particular type of
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excavating equipment will not usually affect the gradation of the
muck. Additional discussion of the properties of soft ground muck is
contained in Section 4.

GRAIN SIZE DISTRIBUTION
US. STANDARD SIEVE SIZE

GRAVEL SAND

COARSE
|

FINE COARSE
|

MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASS! F!CATION SYSTEM. CORPS OF ENGINEERS. U S ARMY

Sample
No . Description

Coefficient of Coefficient of

Uniformity, C
^

Curvature, C^

42 gravelly coarse to
fine SAND

21 0.7

43 gravelly coarse to
fine SAND

82 1.5

44 gravelly coarse to

fine SAND
76 0.2

FIGURE 3-16 GRADATION CURVES SAND AND GRAVEL MUCK



PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION
US. STANDARD SIEVE SIZE

GRAVEL SAND

COARSE
]

FINE COARSE
|

MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U.S ARMY

Sample
No. Description

Coefficient of Coefficient of
Uniformity, C

^
Curvature, C^

45 silty fine SAND, trace
gravel

65 11.6

46 fine SAND, little silt,
trace medium sand

30 12.0

47 fine SAND, little silt,
little medium sand

75 16.3

FIGURE 3-17. GRADATION CURVES - FINE SAND MUCK
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PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION

GRAVEL SAND

COARSE
]

FINE C0ARSE| MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U S ARMY

Sample
No.

48

49

50

Description

clayey SILT

clayey SILT

silty CLAY

Coefficient of

Uniformity, C
^

Coefficient of

Curvature , C

does not apply

does not apply

does not apply

FIGURE 3-18. GRADATION CURVES - SILT AND CLAY MUCK
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3.5 I1UCK HANDLING AND DISPOSAL

A significant part of the tunneling process involves the removal
of muck from the tunnel face to a disposal destination. Any slowdown
in this process can drastically affect the overall tunnel advance
rate and may even cause a stoppage of work. It is therefore
important to have a smoothly operating and efficient muck handling
system. The system must be adaptable to transporting all sizes and
consistencies of materials and possibly include the transportation of
men and materials to the tunnel face.

Muck transportation systems can be divided into two major cate-
gories: continuous flow and unitized flow. Figure 3-19 shows how
various equipment types fit into each category. Continuous flow sys-
tems are characteristic of an uninterrupted flow of material. Typi-
cally, a closed loop set-up is employed whereby the muck is continu-
ously added and removed from the loading and destination points, re-
spectively. The unitized system consists of discrete mechanical
units which travel singly or are linked together to form a train.

TRANSPORT SYSTEMS

FIGURE 3-19 MUCK TRANSPORT SYSTEM [3-25]

Muck characteristics can affect the choice of a particular mode
of muck transportation equipment. Standard transportation equipment,
however, has little effect on the properties of the muck. For exam-
ple, the gradation of TBM muck is not changed during the handling
process from the face to the portal. Water may drain from coarse
muck such as drill and blast rock, but the basic muck constituents
are unaffected by handling.
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Pneumatic or hydraulic pipeline systems, however, require
sorting or crushing to reduce muck particles to the maximum size
compatible with the system. Table 3-4 summarizes some of the more
significant muck characteristics to be considered in the selection
process

.

The following paragraphs describe some of the commonly used muck
handling equipment and the significant muck characteristics relevant
to the operation of that particular system.

3.5.1 Conveyor Systems

Conveyor systems consist of either a conveyor belt or a
segmented belt. The basic parts include a drive unit and a transport
medium. The drive unit provides the motive power to the entire unit,
and the transport medium carries the muck from the tunnel face.

Transport mediums for the conveyor belt systems consist of con-
tinuous belts, a continuous series of metal pans or flights suported
on chains, or a continuous belt fully enclosed and supported on rol-
lers. The troughed-belt conveyor is the conveyor used most often for
transporting muck. This conveyor, commonly used with TBM's, can
operate at speeds compatible with tunnel advance rates.

The capacity of a conveyor belt system depends on belt speed,
belt width, troughing angle (troughed conveyor belt only) , and the
density and angle of repose of the muck. Conveyor belt systems are
very flexible and can easily be adapted to any tunnel size. Muck
size is generally limited to one-fourth of the belt width [3-25].
Excessive moisture contents do not permit piling the muck high,
particularly on flat type conveyor belts. In some instances the
transport medium might be constructed with a screened bottom to allow
drainage

.

Belt conveyors are expensive, approximately $100/ft, to run the
entire tunnel length [3-26], They are used to remove muck from the
tunnel face to a loading point behind the excavation work where other
forms of muck handling equipment such as rail systems can then be em-
ployed. These short conveyor belt distances may be 80 to 100 ft
long.

Some of the advantages and disadvantages of the conveyor belt
system are listed below [3-25].

Advantages

:

a. Capable of handling excavated material at any rate of
heading advance

b. Compatible with most excavating and loading methods

c. Adaptable to nearly all tunnel sizes
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d. Small clearance requirements

e. Excellent reliability and low maintenance

f. Continuous operation

Disadvantages

:

a. Does not satisfy entire materials handling need

b. Maximum particle size limited

c. Structural support system required

d. Complicated heading extension system

e. Not compatible with extremes in tunnel alignment curvature

f. Breakdown of one part shuts down entire system

Limitations

:

a. Practical limit of 18 to 20 degree slope

b. Maximum particle size of 12-18 in. depending on belt width

3.5.2 Pipelines

Pipeline systems can be divided into two main categories: hy-
draulic and pneumatic. Hydraulic systems rely on a fluid, usually
water or a slurry of fines, as the transport medium, while pneumatic
systems use air. Recently published research has proposed a
pneumatichydraulic system [3-27]. It is anticipated that this latter
type of system could only be used to transport a uniform, small size
of muck, having a maximum particle size of about 2 or 3 in.

3. 5. 2.1 Hydraulic

The operation of a hydraulic pipeline system consists of mixing
the excavated material with a liquid, such as water, to form a slurry
mix. This mix can then be pumped either horizontally or vertically
through a pipeline system to a disposal point at ground surface. The
pipeline system must be maintained under pressure to permit adequate
particle velocity. In many instances, the transport medium (i.e. li-
quid) is recirculated once it has been separated from the excavated
material

.

Two basic systems are commonly used to transport the solids hy-
draulically. One system referred to as "through the pump" involves
mixing the liquid and solids together and feeding the resulting
slurry mix directly into a pump. A second system consists of passing
only the liquid through the pump and "injecting" the solids directly
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into the pipeline system. This approach is called the lock-hopper
system. The length of pipeline and the type of material are the
primary factors governing the selection of a system [3-25].

The economic operation of hydraulic pipeline systems depends on
three factors: (1) sufficient water supply, (2) high percentage of
fines in the muck, and (3) a specified maximum size. In areas where
water is at a premium, the used water can be reclaimed at the dis-
charge point. This involves the additional equipment of settling
tanks, pumps, filters, and water storage tanks.

Typically, 50 percent of the excavated material should pass the
No. 200 mesh sieve. A crushing operation may be required ahead of
the slurry operation to reduce the excavated material to a
satisfactory size. Two alternatives are available when the
percentage of fines is not high enough: (1) fine material can be
recirculated in the system or (2) a drilling mud can be employed.
The maximum size particles are usually controlled by the pump
capacities available and by the size of the pipeline system. As a
general rule of thumb, the pipeline diameter should be three times
the maximum particle size.

Typically, a hydraulic pipeline system can pump 20 percent sol-
ids. This means that for a muck specific gravity of 2.6, the slurry
mix will contain 11 parts liquid to 1 part solid, or 12 cu yd of
slurry must be pumped for every cu yd of muck [3-26].

The following lists some of the primary advantages and disadvan-
tages of the hydraulic pipeline system [3-25].

Advantages

:

a. High capacities available

b. Occupies minimum of tunnel space

c. Can operate continuously

Disadvantages

:

a. Does not satisfy entire material handling need

b. Requires materials processing at heading

c. Has complicated heading extension system

d. Reliability and maintenance are questionable

e. Requires high power

f. Requires large volumes of water at heading

g. Generally requires complicated solids injection system
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3. 5. 2.2 Pneumatic

The basic component of a pneumatic air system consists of an air
source such as a blower. Muck is fed through the air source into the
pipeline system and directed towards its final destination point.
The use of pneumatic systems over long distances (i.e. greater than
1000 ft) has been limited in present tunneling operations. A system
was used with limited success in Edmonton, Canada [3-28, 3-29].

Three-inch rock has been transported at a rate of 300 tons per
hour over a maximum distance of 1000 ft. It is anticipated that fu-
ture research will permit the transporting of 6 to 8 in. size
material over distances of 3,000 to 4,000 ft. This breakthrough
would greatly eliminate the use of crushers now needed to reduce rock
size to 3 in.

At the present state of the art, pneumatic pipeline systems are
not considered economical or efficient since power consumption is
very high. As a general rule, approximately 14 hp are needed to
transport one ton of material per mile per hour. Also the steel
pipes wear out from abrasion, particularly at bends.

3.5.3 Conventional Rail Systems

Conventional rail systems consist of cars or other forms of
transport modules mounted on wheels, in single or linked together
fashion, which ride along a track system. For transit tunnels, track
systems can be single track layouts with adjacent connecting passing
sidings. This set-up permits one train to wait on the siding while
another train passes on the track.

The components of a conventional rail system consist of (1) in-
dividual modules (or cars), (2) propulsion mechanism, (3) track sys-
tem, and (4) auxiliary loading equipment. Many different features
can be incorporated into design of the individual cars. For example,
unloading of the cars can be accomplished by side or bottom dumping.
Diesel and battery power locomotives are used with battery driven lo-
comotives reserved for use on short haul tunnels. Auxiliary loading
equipment such as conveyor belts and Conway muckers are normally used
to load the cars.

It is anticipated that rail systems will remain the most popular
muck transport system for years to come for at least two practical
reasons. First, most contractors have rail equipment available from
previous jobs, and second, the system can keep pace with the current
state-of-the-art TBM's and mechanical excavators. The system also
has a dependable field performance record.

The following is a list of advantages and disadvantages of the
conventional rail systems [3-25],

Advantages

:

a. Easily maintained traffic way
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b. Compatible with most loading systems

c. Adaptable to most tunnel sizes

d. Several power sources available

e. Satisfies entire material handling need

f. Permits relatively tight clearance limits

g. Transports construction equipment and personnel

Disadvantages

:

a. Passing locations are fixed or semi-movable

b. Derailment shuts down entire system

c. Unloading points relatively fixed

d. Track may complicate concreting operations

3.5.4 Rubber-tired Haulage

This category of muck haulage systems refers to those vehicles
which can move about without the use of guideways. There are two ba-
sic groups of equipment: transloaders and trucks (or hauler). Trans-
loaders perform the dual task of loading and transporting while trucks
are restricted to transporting only. These devices are generally die-
sel powered and, when operating underground, safety regulations re-
quire such vehicles to be equipped with a scrubber device to filter
the exhaust of harmful gases and particles.

The transloader is typically a front-end loader with a bucket
capacity ranging from six to eight cu yd. These vehicles can load
themselves thus eliminating the need for a mucking machine. Cleaning
out muck at corners is difficult with these large machines. The
transloader is used to remove the muck from the tunnel face to the
shaft or portal and dump it into a skip (hoist system) or disposal
truck

.

The diesel truck is a common piece of equipment in almost any
construction activity. The trucks can be driven directly to the final
disposal site, a distinct advantage. It is most economical for the
trucks to be "double enders", with the ability to run backwards as
fast as they run forwards. This eliminates turning around in the tun-
nel .

One of the main disadvantages of the rubber-tired diesel equip-
ment is that they require about five times as much power to haul one
ton of material as the conventional rail system. They also require
about five times as much ventilation effort. But for many portal
jobs, these disadvantages are far outweighed by the ability to run the
trucks directly to the disposal area [3-26],
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3.5.5 Hoist Systems

Hoist systems are employed to lift muck vertically out of a tun-
nel through a shaft. A two-skip system is a common piece of equipment
which allows one skip (e.g. case, bucket, etc.) to be loaded at the
bottom of the shaft while another is unloaded at ground surface.

The equipment consists of a big hoist mounted- .at ground surface
with two drums. The head frame carries two skips with the loaded skip
partially balanced by the descending empty skip.

3.6 CUT AND COVER CONSTRUCTION

For depths generally less than 60 ft, cut and cover is an alter-
native method for constructing shallow tunnels in soft ground soils.
After considering pertinent design factors, such as local geology,
soil characteristics, groundwater levels, and social and economic
factors, the cut and cover construction method can often be more eco-
nomical than tunneling methods [3-30]. Cut and cover construction may
be employed:

a. when groundwater occurs or can be lowered to below the le-
vel of the tunnel construction; or

b. when existing soils from ground surface down to the level
of the tunnel invert can be readily excavated.

3.6.1 Construction Methods

Procedures for cut and cover construction involve three basic
steps: (1) excavation of all overburden soils from ground surface to
the tunnel grade, (2) construction of the tunnel (typically by cast-
in-place concreting), and (3) covering the tunnel with soil to the fi-
nal design grade.

Often the most critical part of the cut and cover method involves
the design and construction of the excavation. The design must assure
stable excavation sidewalls (employing lateral support if necessary)
and an adequate safety factor against upheaving or "blowing in" of the
excavated bottom. Stable sidewalls can be provided by (1) open cut,
(2) braced cut, (3) flexible bulkhead, and (4) slurry trench wall.

Open cut is a simple and cheap method of excavation. Host natur-
al soils can be sloped to some angle 3/ where 3 equals the angle
formed by the slope and a horizontal line. For dry cohesionless
soils, slopes can have an unlimited height, provided the angle 3 is

equal to or smaller than the angle of internal friction, <)>, of the
sand in a loose state. The slope stability of clays and other cohe-
sive materials requires more detailed analysis. Taylor [3-31] lias de-
veloped the concept of a stability number which can be used to estab-
lish the appropriate angle 3* The stability number is a function of
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the cohesion and unit weight of the material and the slope's critical
height

.

Construction of open cuts therefore require additional land be-
yond the width of the excavation. Che amount of additional area de-
pends on the soil type and the depth of the excavation from ground
surface. In many urban construction areas, this additional land is
not available within the established tunnel right of way

, preventing
the use of the open cut method of excavation.

Lateral support methods such as sheeting, soldier pile and lag-
ging, and slurry wall are all more expensive to construct, but permit
completion of an excavation with vertical side walls. These methods
typically involve the installation of two continuous parallel vertical
walls spaced at a distance equal to the desired excavation width.
Next, the soil between the vertical walls is excavated, and lateral
supports consisting of tiebacks , struts, or other support means are
installed at predetermined depths. Soil excavation continues until
the bearing level of the subway system is reached.

The vertical side walls must be designed to withstand the ex-
pected earth and water pressures. Additional allowance must be made
for surcharge loading, seepage effects, frost, temperature changes,
etc. Design methods are adequately described in the literature [3-32,
3-33] .

Once the excavation phase is completed, the tunnel construction
can be started. After the tunnel structure is constructed, it is cov-
ered with compacted soil to final grade. In many instances, the exca-
vated materials can be used as the cover material.

The excavation, construction, and backfilling operations must be
scheduled to minimize disruption to normal street level activities.

3.6.2 Muck Characteristics

Cut and cover construction is generally performed in overburden
soil deposits which can readily be excavated. A wide range of mate-
rials can therefore be expected, ranging from homogeneous clay, sand,
and gravel deposits, to intermixed deposits such as glacial tills, to
organic deposits, and finally to miscellaneous man-made fills com-
prising sand, gravel, boulders, clay and rubble materials.

During the excavation process, this material is transformed from
its undisturbed in-situ state to a fully disturbed condition. This
transformation has a drastic effect on the material's strength and
compressibility characteristics, but very rarely changes its physical
appearance. Particle to particle contact forces are broken apart and
the material assumes a loose, uncompacted state when dumped onto the
muck pile. Most soils can be recompacted to a density equal to or
even greater than their natural in-situ state and thereby regain their
original strenth properties. A more complete discussion of the
strength and compressibility characteristics of both the disturbed ex-
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cavated material and the recompacted material can be found in Section
4 of this report.

It should be noted that materials removed from a slurry trench
will be mixed with bentonite clay slurry. The contaminated materials,
however, will only be a small percentage of the total volume of
material removed from the excavation. Use of the contaminated mate-
rials would have to be evaluated on an individual basis.

3.7 SPECIAL EXCAVATION TECHNIQUES

Variations in soil and ground water conditions have led to the
development of techniques such as grouting and ground freezing and the
recent development of the bentonite slurry tunneling shield. The fol-
lowing sections summarize some of the conditions for which these meth-
ods are applicable and the effect of these methods on muck properties.

3.7.1 Grouting

Some forms of grouting are an inherent part of tunneling pro-
cesses. For example grouting is often required to fill the tailskin
void created because the tunneling shield has a greater outside diam-
eter than the primary lining. This grouting technique provides uni-
form support around the liner and has no direct effect on muck proper-
ties, except that surplus grout is often dumped into the muck cars.

Grouting activities completed to stabilize soil at the tunnel
face will affect muck properties. Grouting may be required to de-
crease water inflow, reduce escape of compressed air, or strengthen
the soil in order to improve stand-up times and minimize loss of
ground and surface settlement. Penetration of grout into the soil de-
pends on the gradation and permeability of the deposit. Thick viscous
cement grouts suitable for "open" gravel deposits cannot be pumped in-
to silty fine sands whereas chemical grouts such as AM-9 are suited to
fine grained soil deposits. Frequently, combinations of grouts are
used; for example, a cement grout used to fill large voids may be fol-
lowed by a low viscosity chemical grout. The techniques for injecting
grouts for tunneling projects have been described by numerous authors
[3-34, 3-35, 3-36].

There are two general categories of grouts: (1) particulate
grouts such as cement or clay and (2) chemical grouts. Grouts are in-
jected into the ground as a fluid which after a measured set time
forms a gel or solid inert substance. The set time is controlled by
heat, pressure or catalysts mixed with the grout. In the case of
multishot grouts, an injection of a second chemical is required to in-
itiate the gel process. Some of the general properties of grouts are
summarized in Table 3-5.

The muck obtained from grouted tunnels will vary in properties
depending on the type of grout used. The Joosten silicate process,
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for instance, forms a hard soil and removal can require jackhammers or
equilvalent ripping or excavating tools. Chunks of muck are friable
to a weak sandstone. On the other hand, the one shot silicate grout
produces soil with the consistency of a stiff clay which can be
excavated by hand using pneumatic clay spades.

Chemical grouts such as resins and acrylamides will produce a
wide range of properties as indicated by the strength data. Soil
grouted with AM-9 has a gelatine-like appearance, very elastic and
rubbery. Chucks of grouted soil can be easily broken apart by hand.

Grouting procedures will definitely affect the physical and chem-
ical properties of muck. Each situation must be analyzed in order to
fully evaluate the effect on a muck utilization process.

TABLE 3-5. SOIL CONDITIONS AND GROUT TYPES [3-36]

SOURCE : FLATAW

Soil Type
Minimum
Particle
Size, mm

Appropriate
Grout Type

Typical
Ground

Strength, psi
Comments

Fissured Rock
to Coarse Sand

5
Cement

PFA
Bentonite

High

Low

Gel time controlled
by additives

Coarse
Medium

Sand to

Sand
1

2 "Shot"

Silicate
1 "Shot"
Silicate

300 to 1000

150 to 200

Joosten Process

Catalyst required

Medium
Sand

to Fine
0.1 . (1)

Resins
10.000 to

20.000
Gel time variable
from seconds to hours

Coarse Silt 0.01 * i
.. (2)

Acrylamide 280 Gel time variable
from seconds to hours

(1) Includes phenol-formaldehyde, Tannin base resocorunal-formaldehyde

,

chrome lignins, and furfural.

(2) AM-9

3.7.2 Freez ing

Controlled ground freezing has been used for over a century to
aid in the construction of wells and mine shafts. The equipment, such
as piping and refrigerants, can be selected to provide the most econo-
mical frozen ground barrier around the shaft or tunnel [3-37]. The
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frozen barrier prevents ground water seepage and provides an effective
temporary support system [3-38, 3-39]. Following construction, the
system is removed and the ground thaws to its previous condition.

An analysis of ground freezing phenomenon is complex, involving
thermal properties and time effects of freezing in soils as well as
the selection of the appropriate refrigeration equipment [3-40] . It
has been pointed out, however, that despite the mathematical analysis,
field data do not often fit the theoretical models. Therefore it is
customary to instrument the frozen areas to monitor temperatures. One
of the most reliable field tests involves probing the soil with a
steel rod until the frozen surface is encountered.

During excavation, frozen ground is hard, but blasting is not
normally required. Once the frozen soil has thawed, the physical pro-
perties show little effect of the freezing process.

3.7.3 Bentonite Tunneling Shield

The bentonite slurry tunneling shield has been developed to per-
mit tunneling through water bearing soils without using compressed
air, grouting or dewatering. The cutter-head of the specially de-
signed shield rotates in a chamber filled with bentonite clay slurry.
The pressurized chamber is sealed so that a stabilizing pressure can
be applied to the mined face while normal atmospheric pressure is
maintained inside the tunnel. The slurry also acts as the carrier
fluid for pumping the muck to the surface [3-41]. At the surface, vi-
bratory screens and hydrocyclones separate the muck from the slurry
which is then returned to the tunnel. The muck is thus contaminated
with remnants of the bentonite slurry, and its physical properties
must be evaluated on an individual basis.

The tunnel shield performed satisfactorily in a trial section of
the London Underground Fleet Line, accomplishing the mining without
undue surface settlement [3-42, 3-43].

3.8 CONSTRUCTION EQUIPMENT OF THE FUTURE

The Advanced Research Projects Agency (ARPA) , sponsored by the
Defense Department and managed by the Bureau of Mines, has been in-
vestigating the application of modern and novel technology to the tun-
neling process. The research effort has covered the areas of geologic
prediction, rock fragmentation and ground support systems. A summary
of some of the novel techniques is shown in Table 3-6.

Since the techniques for rock fragmentation have only been evalu-
ated in relatively small scale test situations, resulting muck proper-
ties can only be estimated.
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TABLE 3-6. ROCK FRAGMENTATION AND SUPPORT SYSTEMS OF THE
FUTURE [3-44]

Breakage Concept

Thermal Methods

, ,
2 /High Power Laser (L)—

High Power Plasma (L)

Electron Beam Gun (L)

Hydraulic Methods

Low Velocity Water Slugs (L)

High Pressure Continuous Jet Kerfing (L)

High Pressure Pulse Jets (L)

Solid, Nonexplosive Projectile Impact

Medium Sized, Moderate Velocity Projectiles
Large, High Velocity Projectiles (REAM GUN)

Combination Methods

Mechanically-Assisted Hydraulic Jet Kerfing (F)

Mechanically-Assisted Thermal Fracture (F)

Mechanical Methods

Sonic Energy Rock Kerfing (L)

Conical Borer (L)

High Energy Mechanical Impact (F)

Support Systems

Thermal Methods - Rock Melting Subterranes

Dimensionless
Factor.!/

450

120

8

85

45

1

0.2
0.07

40

0.1

1.5

0.7
1.5

1/ Specific energy SOURCE: OLSON; p. 1510

Compressive strength of rock removed

2 /— (L) = Laboratory experiment

—^ (F) = Field test

3.8.1 Thermal Methods

Thermal methods involve the application of heat to the rock,
either at the surface or within the rock mass. Various modes of ther-
mal rock fracture have been defined including spalling, surface heat
weakening, rock melting and vaporization [3-45],

High powered electron beams or lasers have been used to melt
kerfs in rock masses. Rock blocks are formed by kerfing around design
perimeter of the block. The problem of removing these 4 x 4 x 2 ft
blocks from the parent-rock mass has not been evaluated, but prelimi-
nary estimates indicate that the method could produce an advance rate
of 190 ft per day for an 8 x 8 ft tunnel.
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It thus appears that rock blocks could be produced which might be
utilized in architectural sidewalks or riprap for channels. However,
geologic factors such as jointing and rock durability must first be
evaluated.

3.8.2 Projectile Impact

The use of standard military guns to shoot concrete projectiles
into rock is, perhaps, the method which could be most quickly adapted
for tunnel construction. The high energy projectiles can dislodge
from 1 to 1.25 tons of rock at each impact. A crater is formed, yet
in full scale field tests, overbreak was not severe. Noise, dust and
safety controls have to be developed, but the basic hardware is readi-
ly available. The values of specific energy (energy required to re-
move a unit volume of rock) are even lower than standard drill and
blast methods [3-46]. A comparison of specific energy requirements
for various excavation methods is included in Table 3-7.

Since the method parallels the drill and blast concept, it is an-
ticipated that the muck would also be similar to drill and blast muck.
In one test of the method, the muck ranged from fine powder to pieces
as large as 1000 lb. Most pieces were in the range of two to thirty
lb and were handled by an EIMCO 911 LHD Mucker.

TABLE 3-7. COMPARISON OF SPECIFIC ENERGY FOR ROCK FRAGMENTATION [3-46]

SOURCE: LUNDQUIST; p. 827

Me thod
„ ... „ (1)
Specific Energy

(in. -lb/in. )

REAM 1,490

Drill and Blast 5,300

Tunneling Machine 15,000

Percussive Drilling
(small diameter)

36,000

Water Jets 600,000

Subterrane 750,000

Thermal Spalling 2,400,000

( 1 ) For excavation in granite.

3.8.3 Water Cannon

High pressure water cannons can produce pressures ranging
125,000 to 650,000 psi which are sufficient to disintegrate rock,
velocities approaching 10,000 fps are obtained. Both continuous
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and pulsed jets have been developed; the latter is capable of sup-
plying the extremely high pressures [3-47, 3-48], The jet craters the
rock and produces thin fractures. Subsequent shots directed at the
fractures can then produce larger openings. In tests with a dolomitic
limestone, with jet pressures of 450,000 psi, 14 shots removed an av-
erage volume of 0.035 cu ft per shot. Figure 3-20 illustrates the
gradation of muck produced from the test series. It appears that the
method will result in muck similar to drill and blast muck with the
exception that very few, if any, fine particles (sand size and smal-
ler) are produced.

1st Shot
EM = 30.4 lb

(5.3 liters)

2nd Shot
EM - 25.3 lb

(4.4 liters)

3rd Shot
EM = 5.55 lb

(0.97 liters)

^10 m

(m = Fragment Mass in lb.)

Note: Dolomitic limestone muck for standoff = 2 to 4 in..

Pulse energy = 97,000 ft-lb with vacuum in Nozzle

FIGURE 3-20. SIZE DISTRIBUTION OF MUCK PRODUCED BY A WATER CANNON [3-48]

3.8.4 Rock Melting
SOURCE: COOLEY; p. 819

Rock or soil melting techniques can produce a glass-like zone
around the perimeter of a tunnel, scaling out ground water and pro-
viding a primary support system [3-49, 3—50]

.

When used in this man-
ner, the materials excavated from within the tunnel are unaffected by
the melting process. The muck, therefore, will be similar to soft
ground muck or muck produced by standard mining techniques.
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4. PROGRAM OF SUBSURFACE INVESTIGATION

4.1 INTRODUCTION

Prudent design of underground structures requires the completion
of a subsurface exploration program. The purpose of the program is to
accurately evaluate the subsurface conditions in order to predict the
behavior of the ground and structure during and after construction.
The scope of a subsurface exploration program is a function of the an-
ticipated subsurface conditions, the importance of the structure under
construction, and the importance of adjacent structures. The latter
two factors usually dictate a very comprehensive exploration program
for urban transportation systems. Accurate data are necessary both
for the design and construction of the subway itself and for the un-
derpinning of adjacent structures.

This section contains a brief description of subsurface explora-
tion procedures currently in use for urban transportation systems, an
evaluation of the additional investigations which are necessary to
plan for muck utilization, and cost estimates for the additional in-
vestigations. Brief descriptions of current subsurface procedures are
presented in order to indicate the value of typical design data in the
analysis of muck properties.

4.2 TRADITIONAL METHODS OF SUBSURFACE EXPLORATION AND TESTING

4.2.1 Field Exploration

Nearly all subsurface exploration programs for large projects be-
gin with a survey of existing soil and rock conditions. Typically,
the survey includes a geological reconnaissance of the entire site, a

literature review, and an evaluation of previous construction experi-
ence. The geological reconnaissance includes field mapping, with par-
ticular emphasis on a description of soil and rock types and the pre-
sence of adverse geological features such as faults. Aerial photo-
graphs frequently supplement geological studies. General information
about the character of the subsurface conditions at the site in ques-
tion and the performance of existing structures in similar soil and
rock deposits can usually be found in literature.

Actual subsurface explorations for tunneling projects usually be-
gin with widely spaced preliminary test borings. These test borings
provide information about subsurface soil, rock, and groundwater con-
ditions along the proposed route alignments and contribute to the se-
lection of a final alignment. The preliminary test boring data may
dictate changes in the proposed tunnel alignment. Horizontal changes
are generally not made unless the subsurface conditions are very un-
favorable. Not only would horizontal alignment changes necessitate
additional explorations, but they may result in a less effective
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transportation corridor. Changes in vertical alignment are somewhat
easier to make depending on the subsurface stratigraphy and are some-
times used to place the tunnel in more favorable tunneling ground.

Having established the final alignment, the so-called design
phase explorations are made to assist in structual design and con-
struction. Design phase explorations are more closely spaced and com-
prehensive, and sampling and testing at the location of the proposed
tunnels are more detailed. As a minimum, these explorations provide
sufficient data to accurately describe the stratigraphy and to evalu-
ate groundwater conditions. In addition, investigators should be sen-
sitive to the identification and location of adverse geologic features
such as sand deposits in clay, boulders, weathering, and faults which
can cause problems during design or construction and which can greatly
increase the cost of the project.

Test borings are the most common method of subsurface exploration
in use today. Test borings are a relatively inexpensive way to obtain
actual samples of the materials encountered. Moreover, many standard
field testing procedures for both soil and rock have been developed
for use with test borings. Other methods of direct-observation explo-
rations which are available include test pits in soil and pilot tun-
nels in rock. These latter methods are expensive, especially in urban
environments, and are usually resorted to only in extraordinary cir-
cumstances .

The most common type of field test used in test borings is the
Standard Penetration Test (SPT) . A SPT is performed by driving a
standard split spoon sampler (typically 2.0 in. outside diameter) into
the ground with a 140 lb weight falling freely for 30 in. The pene-
tration resistance (N) represents the number of blows necessary to
drive the sample one ft. Values of the penetration resistance have
been empirically correlated to the density or consistency of soil as
shown below. The cone penetration test (CPT) is another field method
used to measure soil density. However, this test is not used widely
in the United States.

Fine-grained Soils Coarse-grained Soils

Consistency N Density

2 Very soft 0-4 Very loose

4 Soft 4-10 Loose

8 Medium 10 - 30 Medium

15 Stiff 30 - 50 Compact

30 Very stiff 50+ Very compact
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Refusal encountered during SPT, typically defined as no penetra-
tion for 100 blows, is sometimes assumed to represent the location of
competent bedrock. This procedure is not dependable, however, because
refusal can be encountered for many other reasons such as boulders,
obstructions, or weathered bedrock. Rock coring should be used to
check the level of the bedrock if this is an important variable.
Seismic surveys are another means to verify the location of bedrock,
but they are generally not possible in urban areas because of the
confined working area and high background noise and vibration levels.

In fine-grained soils, it is possible to measure soil strength
and consistency by the field vane shear test. This test is performed
by pushing a steel vane of known dimensions into the soil at the bot-
tom of a boring and turning it carefully with a known force. The
force at failure and subsequent to failure are measured in order to
determine the ultimate and residual soil strengths. As described la-
ter in this section, comparison of the ultimate and residual strengths
is a measure of soil sensitivity.

Water table observations and permeability tests are commonly made
within completed test borings. Frequently an observation well is in-
stalled, and water table observations are obtained for an extended
period of time to determine the static water level at the test boring
location. Permeability tests in soil are commonly made by pumping
water out of the boring and measuring water table drawdown at various
locations. In rock, permeability tests are usually conducted by pump-
ing water into a specific length of the test boring, at a given pres-
sure, and measuring the time rate of water flow.

Other test boring procedures which are common in rock are ori-
ented core borings and borehole photography. Both of these procedures
are used to identify the orientation of rock mass discontinuities such
as joints, foliation and bedding planes. Knowledge of the specific
orientation and location of a discontinuity is necessary if its effect
on the performance of the excavation opening is to be properly
evaluated. Many of the geophysical borehole techniques which are com-
mon in oil well drilling are not used very often for this type of in-
vestigation. One common type of geophysical procedure which cannot
usually be used in an urban area because of stray electric currents is
the electrical resistivity survey.

4.2.2 Laboratory Testing

Upon completion of the test borings, representative specimens of
the soil and rock samples are used for laboratory testing. Initially,
tests are performed to properly identify and classify the materials
recovered from the test borings. Proper classification of subsurface
materials is absolutely essential. Secondly, significant engineering
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properties of the materials relative to their strength, compressibili-
ty and permeability are measured for use in design and construction
computations

.

Generally, the color, odor, unit weight, and texture of the sam-
ples are recorded. Odor is particularly important as an indication of
organic content and possibly groundwater contamination where the water
may contain detrimental dissolved minerals. The unit weight of clayey
soils and rock is relatively easy to measure because samples of these
soils remain intact unless severely handled. However, undisturbed
techniques for sampling sandy soils do not permit accurate determina-
tion of unit weight.

Texture refers to the size and shape of individual soil particles
and the mode of interparticle contact. Particle size varies from
clays and silts, which cannot be seen as individual particles, to
sand, gravel and boulders. Particle shape can be flat, rounded or
angular. The distribution of particle sizes as determined by a sieve
analysis is an important characteristic of granular soils.

4. 2. 2.1 Clay Soils

In addition to the above criteria, the natural water content,
Atterberg limits, strength, and compressibility properties of fine-
grained soils are commonly determined for design and contruction pur-
poses. The natural water content, expressed as a percent, is easily
determined by weighing a soil sample before and after it is dried in a
controlled-temperature oven. This is an important index property of
fine-grained soils, especially when used in conjunction with other
test results as described later in this section.

The Atterberg limits are a measure of the water contents at which
fine-grained soils change states from semisolid to plastic (plastic
limit) and from plastic to liquid (liquid limit). Standard laboratory
procedures have been developed to measure these water contents [4-1]

.

The plasticity index is defined as the difference in water content be-
tween the liquid and plastic limits. In general the larger this val-
ue, the more clayey is the soil.

Atterberg limits are used in conjunction with the Plasticity
Chart shown in Figure 4-1 to classify fine-grained soils. As shown in
the chart, a soil can be classified as either silt or clay depending
on the values of the liquid limit and plasticity index. This classi-
fication method for silts and clays is part of the commonly used Uni-
fied Soil Classification System given in Table 4-1.

The short-term or undrained strength of clayey soils is most of-
ten measured in the laboratory by a simple test called the unconfined
compression test [4-1]. A cylinder of undisturbed clay, about 1.4 in.
in diameter and 3.0 in. high, is compressed axially until it fails.
The failure stress, quoted in pounds per square inch (psi) or tons per
square foot (tsf) is then used to identify soil consistency as shown
below:
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Unconfined Compressive
Consistency Strength

Very Soft Less than 0

.

Soft 0.25 - 0.50

Medium 0.50 - 1.0

Stiff 1.00 - 2.00

Very Stiff 2.00 - 4.00

Hard Greater than

Soil sensitivity is defined as the ratio of undisturbed to re-
molded, undrained strength. There is no standard procedure for de-
termining sensitivity in the laboratory because the method of re-
molding can affect the remolded strength determination. The best way
to determine remolded strength is in the field by the vane test, des-
cribed previously. Nevertheless, assuming that the undisturbed and
remolded strengths are known, the following system can be used to
determine soil sensitivity:

Sensitivity

Normal

Sensitive

Extrasensitive

Quick

Ratio of Undisturbed
to Remolded Strength

Less than 4

4-8

8-16

Greater than 16

Compressibility characteristics of fine-grained soils are deter-
mined by the one-dimensional consolidation test [4-1]. In this test,
a sample of soil, usually 2.5 in. in diameter and 0.75 in. thick, is
carefully fitted into a steel ring and compressed under controlled
conditions. The steel ring prevents lateral expansion of the soil.
Measurements of sample deflection during compression are made to per-
mit calculation of the time-rate of compression. The compression is
due both to water being squeezed out of the soil structure and to
creep of the soil structure itself.
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4. 2.2.2 Sand and Gravel Soils

A mechanical sieve analysis is the most common classification
test for coarse-grained or mixed-grained soils. To perform this test,
a dry soil sample is placed in a set of sieves with decreasing opening
sizes and shaken vigorously. The grain size distribution is deter-
mined by weighing the amount of soil retained on each sieve. Several
typical grain size curves with appropriate descriptions are shown in
Figure 4-2. Grain size distribution can be related to many important
engineering properties such as compaction characteristics, permeabili-
ty and frost susceptibility. Several index properties such as the ef-
fective particle size and the coefficients of uniformity and curvature
are derived from the grain size curve as described in Section 3.

GRAIN SIZE DISTRIBUTION
U 6 5TIH 0 »«0 S I tvt size

COBBLES
GRAVEL SAND

COARSE
|

FINE COARSE
|

MEDIUM
I

FINE
SILT OR CLAY

UNIFIED SOIL CLASS! F!CATION SYSTEM, CORPS OF ENGINEERS, U S ARMY

Sample No. Description

A Well graded coarse to fine SAND, some silt

B Well graded sandy coarse to fine GRAVEL

C Uniformly graded fine GRAVEL, some sand

FIGURE 4-2. TYPICAL GRADATION CURVES - SAND AND GRAVEL

The strength of a sand deposit is a function of the frictional
resistance and the degree of interlocking between individual parti-
cles. Strengths for different degrees of density are determined in
the laboratory by either triaxial or direct shear tests. In general.
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the confining pressure on a test sample is varied and the amount of
force needed for failure is measured. The relationship is character-
ized by the angle of internal friction. Typical values are given
below:

Angle of Internal Friction in Degrees [4-2]

Material Material Density

Loose Dense

Uniform Round Sand 27.5 34
Well-Graded Angular Sand 33 45
Sandy Gravel 35 50
Silty Sand 27 - 33 30 -

Silt 27 - 30 30 -

Angle of Internal Friction,
<J> ,

Degrees
Note :

(1) 'N' value defined as the number of blows required to drive a

two inch O.D. standard split spoon sampler one foot with a

140 lb hammer free falling 30 inches.

FIGURE 4-3. STANDARD PENETRATION RESISTANCE ('N* VALUE) VERSUS ANGLE
OF INTERNAL FRICTION FOR SANDS [4-3]

SOURCE: PECK; p. 310
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Empirical relationships have also been developed that relate the

angle of internal friction to the "N" value determined by the

standard penetration test. This relationship is illustrated in

Figure 4-3.

4 . 2 . 2 . 3 Rock

Laboratory testing of intact rock is used primarily for identi-

fication and classification because rock mass properties are largely

controlled by geologic discontinuities in the rock mass, rather than

intact rock properties. Intact properties do, however, provide an

upper limit of rock mass strength and a lower limit of rock mass com-

pressibility .

I 4 8 16 32 64

FIGURE 4-4.

Unconfined Compressive Strength, c , KSI
El

TANGENT MODULUS VERSUS UNCONFINED COMPRESSIVE STRENGTH OF
INTACT ROCK [4-4]

SOURCE: DEERE; p. 136
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An unconfined compression test on a cylindrical sample of intact
rock is a standard method used to assess rock strength in the labora-
tory. The test procedure is an extension of the tests conducted on
soil samples except that failure stresses in rock are much greater
than soil failure stresses. The results of unconfined compression
tests provide an indication of both rock strength and
compressibility. A widely used engineering classification system
shown in Figure 4-4 is based on the results of unconfined compression
testing together with a geological description [4-4] . During
unconfined testing, the sonic velocity of the rock can also be
measured for a comparison with the rock mass siesmic velocity. This
comparison gives one estimate of the amount of fracturing in the rock
mass

.

Strength and compressibility for rock masses are evaluated by
field testing. Field tests may involve plate bearing tests, overcor-
ing techniques, sonic tests, or seismic tests. Since rock jointing
can influence the test results, the data must be interpreted by a
qualified engineering geologist. The effects of geometry and rock
jointing can affect plate load tests in tunnels [4-5]

.

With the increase in use of machine mining, rock hardness
testing is becoming more common. Both rebound hardness and abrasion
hardness are determined for a measure of the so-called "total"
hardness [4-6]. In some cases, special tests are performed on shale
samples to determine slake durability and creep or swell potential
[4-7]

.

4.2.3 Evaluating the Potential for Muck Utilization

Tunnel muck is composed of the soil and rock materials removed
during excavation of the tunnel. Samples of these materials can be
obtained and tested during the subsurface exploration program. The
question arises whether or not it is possible to evaluate the poten-
tial for muck utilization based on the field and laboratory data ob-
tained for design and construction purposes. To a large degree this
is in fact possible, provided the data are viewed from a slightly
different perspective.

Presented in this section is a description of muck and a discus-
sion of how the currently available field and laboratory data can be
used to define its engineering properties. Section 4.3 and 4.4 con-
tain discussions of recommended additional field and laboratory test
procedures and cost estimates.

Soil and rock data obtained for design and construction purposes
are very helpful for evaluating the character of tunnel muck. Many
of the soil tests are completed on disturbed samples and provide
direct input to the evaluation.

The effect of water accumulation can be significant for fine-
grained muck because the muck will have low permeability, and the wa-
ter cannot be easily removed. In coarse-grained muck the water will
easily drain away. The amount of water accumulation is a function of
the amount of groundwater infiltration into completed portions of the
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tunnel, weather conditions, and construction procedures; none of
which can be evaluated prior to construction. For the present, it is
important to realize that water can have a softening effect on fine-
grained muck and that this problem cannot be quantitively evaluated
by the test procedures currently utilized for design and construction
purposes. This problem and its relation to the recommended
additional testing procedures are discussed in Section 4.3.

It is not possible to evaluate the effect of construction debris
on muck properties using current testing procedures. Debris is pre-
sent in all tunnel muck. Although debris almost always constitutes a
small percentage of the total volume or weight of muck, it can cause
problems relative to muck utilization.

The remainder of this section discusses muck characteristics
based on mining operations and a discussion of how standard field and
laboratory test data can be used to evaluate engineering properties
of muck. The discussion is divided into four major categories: clay-
based muck, sand and gravel-based muck, rock-based muck, and
tunneling debris.

4.2. 3.1 Clay-based Muck

Tunneling in clay falls into the general category of soft ground
tunneling. A "Tunnelman's Classification" system originally devel-
oped by Terzaghi and recently expanded by Fenix & Session is present-
ed in Table 4-2. The system relates a general miner's description of
soil conditions to standard soil engineering classification terminol-
ogy.

Hard and stiff clay deposits can be mined either by machine or
by hand. A cutter wheel shield produces small clay chips; excavator
shields produce large chunks which are broken apart during the
mucking, loading and unloading process. Hand mining with clay spades
in hard clay produces chunks typically measuring 6 x 6x3 in. In
stiff clay, hand mining is accomplished with clay spades or clay
knives. The clay knife is formed from a steel hoop about 12 in. in
diameter. The miner forces one side of the hoop against the clay
while a tugger hoist pulls the hoop across the face. A long semi-
circular chunk of clay is thus carved out of the face.

Soft clay is quite often mined with the aid of compressed air or
by bulkheading the forward diaphragm of the tunnel shield and
squeezing the clay into the tunnel (intrusion method). Soft clay is
extremely difficult to mine by hand tools; sometimes clay knives are
used, but in either case the material is very heavy, sticky and hard
to handle.

In the intrusion method the clay can be taken in through either
the upper or lower portions of the bulkheads. The clay is squeezed
through ports located in the bulkhead and enters as large strips
having a somewhat toothpaste-like consistency. Wire cutters are
often used to slice the ribbon-like strips into lengths suitable for
loading into the muck cars.
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. TUNNELMAN'S GROUND CLASSIFICATION [4-8] (Based on
Terzaghi's principal categories of ground with 3(*) ad
ditions

)

SOURCE: FENNIX & SCISSOR; p. 11

Ground

Classification Tunnel Working Conditions Representative Soil Types

*Hard Tunnel heading may be advanced

without roof support.

Very hard calcareous clay; cemented

sand and gravel

.

F irm Tunnel heading can be advanced

without roof support , and the

permanent support can be con-

structed before the ground will

start to move

.

Loess above the water table; various

calcareous clays with low plasticity

such as the marls of South Carolina.

Slow

Raveling

Fast

Raveling

Chunks or flakes of material begin

to drop out of the roof or the sides

sometime after the ground has been

exposed

.

In Fast Raveling ground the process

starts within a few minutes; otherwise

it is referred to as Slow Ravel i ng

.

Fast Raveling occurs in residual soils

or in sand with clay binder below the

water table. Above the water table the

same soils may be Slow Raveling or

even F irm

.

Squeezing Ground slowly advances into tunnel Soft or medium-soft clay,

without fracturing and without per-

ceptible increase of water content

in ground surrounding the tunnel.

(May not be noticed in tunnel but

cause surface subsidence.)

Swelling Like squeezing Ground, moves slowly

into tunnel, but the movement is

associated with a very considerable

volume increase in the ground sur-

rounding the tunnel.

Heavily precompressed clays with a

plasticity index in excess of about 30
;

sedimentary formations containing

layers of anhydrite

.

Cohesive

Running

Running

The removal of the lateral support on

any surface rising at an angle of more

that about 34° to the horizontal is

followed by a "run", whereby the

material flows like granulated sugar

until the slope angle becomes equal

to about 34°. If the "run" is pre-

ceded by a brief period of raveling .

the ground is called Cohesive Runn ing

.

Cohesive Running occurs in clean,

fine, moist sand

.

Running occurs in clean, coarse or

medium sand above the water table.

'•''Very Soft

Squeezing

Ground advances rapidly into the tunnel Clays and silts with high plasticity

in a plastic flow. index

.

F lowing Flowing ground moves like a viscous

liquid. It can invade the tunnel not only

through the roof and the sides but also

through the bottom. If the flow is not

stopped, it continues until the tunnel is

completely filled

.

Any ground below the water table that

has an effective grain size in exess

of about 0. 005 millimeter.

’"Boa Idery Problems incurred in advancing shield or

in forepoling; blasting or hand-mining

ahead of machine possibly necessary.

Boulder g lacial till; rip-rap fill; some

landslide deposits; some residual soils.

The matrix between boulders may be gravel,

sand, silt, clay or combinations thereof.



The resulting muck consists of large pieces which are highly re-
molded, very sticky and hard to handle. Upon final dumping from the
muck cars after transport, the muck becomes a very soft putty-like,
sticky material. Quite often special muck cars with curved bottoms
for side-dumping must be used to discharge the clay properly. Often
the interior of the muck cars are wetted down frequently to provide a
lubricant and in some cases sand coatings are placed in the muck cars
to prevent the soft clay from sticking.

Individual clay particles are very small; two microns (0.00008
in. ) is a commonly accepted upper limit for clay particle size.
Thus, excavation of clay during tunneling affects the overall clay
mass but not the individual clay particles. By physically breaking
the clay into chunks the continuity and characteristics of the
original deposits is completely destroyed.

One of the most useful test procedures for evaluating the per-
formance of muck is the Atterberg limit test. Several relationships
have been developed which relate the Atterberg limits to important
engineering properties for both undisturbed and remolded soil condi-
tions. The first is the liquidity index which compares the natural
water content of the soil to the water contents for the liquid and
plastic limits. A numerical value for the liquidity index is given
by the formula shown below;

I
l

wnat pw

^w
” Pw

Where; = liquidity index

wnat = natural water content (%)

Pw = plastic limit (%)

1^ = liquid limit (%)

and Lw ~ p
w = plasticity index (%)

For a liquidity index greater than one, the natural water
content exceeds the liquid limit. This type of soil deposit can be
expected to be soft or very soft and highly sensitive to disturbance.
If the liquidity index is negative or equal to zero, the natural
water content is at or below the plastic limit and the soil deposit
will probably be stiff and relatively insensitive. The unconfined
compressive strength for undisturbed clays with a liquidity index
near zero may vary from 1.0 to as much as 5.0 tsf [4-2],

The liquidity index is also qualitatively indicative of fine-
grained soil compressibility. Soils with a liquidity index at or
above one will be much more compressible in general than those with a

liquidity index at or below zero. An example of such a relationship
is given in Figure 4-5 where the measured excess preconsolidation
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SOURCE: NAVDOCKS DM-7; p. 7-3-8

pressure of undisturbed soils is given as a function of the liquidity
index and soil sensitivity [4-9] . The greater the "effective
consolidation pressure," the less compressible is the soil. Although
disturbance during excavation will disrupt the relationships shown in
this diagram, a similar relationship could probably be derived for
tunnel muck.

Additional strength relationships as a function of the
plasticity index are provided in Figure 4-6. Figure 4-6a shows the
angle of internal friction for drained clay specimens; Figure 4-6b
shows the ratio of undrained shear strength to effective vertical
overburden stress.

A widely accepted relationship between the compression index of
undisturbed clay soils, Cc , and the liquid limit is given by the
following formula [4-9] :

C = 0.007 (L -10%)
c w

This formula could be used directly to estimate the compression index
for a disturbed clay deposit such as muck. Test results on undis-
turbed samples indicate that the undisturbed compression index is
approximately 30 percent greater than the disturbed value [4-2] .
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It is interesting to note that the compression index actually
increases for the undisturbed clay specimen. This indicates that a
clay deposit which is remolded and then compacted into place as a
landfill will usually experience less compression than the virgin
consolidation of the in-situ deposit.

A relationship between the liquid limit and the coefficient of
consolidation (

c
v ) is shown in Figure 4.7. This diagram reveals that

the coefficient of consolidation decreases as the liquid limit in-
creases and as the soil is remolded. Hence, tunnel muck will take
longer to consolidate than the undisturbed deposit.

Liquid Limit, L^,, %

FIGURE 4-7. COEFFICIENT OF CONSOLIDATION
VERSUS LIQUID LIMIT [4-9]

SOURCE: NAVDOCKS DM- 3; p. 7-3-14
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The engineering properties of clay-based muck can thus be deter-
mined by using semi-empirical relationships developed for clay or by
adjusting undisturbed test data for the effects of disturbance.
Field and laboratory tests can be combined, for instance, to evaluate
the disturbed shear strength. Field vane tests can provide data on
the "sensitivity" of the deposit. The strength determined by
unconfined compression tests on undisturbed laboratory tests can then
be reduced according to the field vane test data.

4.2. 3.2 Sand and Gravel-based Muck

Miners typically describe sand and gravel deposits as wet, moist
or dry. A tunnel driven under the water table is typically wet.
However, if the tunnel is driven in compressed air the deposit will
have the same characteristics as a moist material since most of the
free water is expelled from the voids during the mining operation.
And if the material is handled promptly onto a conveyor, the
resulting muck is usually a high quality, slightly moist material.
Extremely wet deposits may be encountered where dewatering techniques
supplemented by internal tunnel dewatering by diaphragm pumps are
used to lower the water table. Generally this material will be
heavy, wet and hard to handle. However, subsequent aeration can
reduce the moisture content to an acceptable level for
controlled-fill use. Dry sands and gravels mine very easily and, if
the material contains a high percentage of uniform sizes, the face
can "run".

Particles are usually composed of resistant minerals, and the
grain size distribution of the deposit will not change appreciably
during excavation. If anything, the deposit will be more coarsely
textured than was expected due to the inability to sample large
particles with ordinary test borings. It is possible to estimate
permeability and frost susceptibility from the results of the grain
size distribution tests which are usually performed on samples from
test borings.

Figure 4-8 shows a relationship between the effective diameter
and coefficient of permeability for recompacted granular soils [4-9]

.

Uniform soils are not frost susceptible unless the grains are
smaller than 0.001 mm. Relatively uniform soils become frost suscep-
tible if at least 10 percent of their grains are less than 0.02 mm.
Well-graded or mixed-grain soils become frost susceptible if grains
smaller than 0.02 mm. constitute 3 percent of the total aggregate
[4-2].

The most significant change which occurs for a sand and gravel
deposit is a reduction in strength during excavation. Most deposits
possess some degree of cementation between particles which
contributes to their in-situ strength. This cementation is destroyed
by disturbance during excavation, but recompaction, such as in a

landfill, will create a mass which will be stable for most
engineering uses. Therefore, the loss of cementation is not a

serious consideration. In many cases, the strength due to in-situ
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cementation will be replaced by particle interlocking after
compaction. Friction angles used to measure strengths (Section
4.2.2) can also be used to estimate the strength of recompacted sand
deposits

.

The compressibility of sand and gravel is related to the grada-
tion, relative density, and mineral composition of the sample. With-
in the same natural deposit, the in-situ density can vary from loose
to dense, resulting in a wide variance in the settlement of struc-
tures. Values of elastic properties, such as the secant modulus,
have been measured in the laboratory on recompacted samples. Typical
values of the secant modulus are given in Table 4-3. The
compressibility of sand muck can thus be estimated based on the
gradation and final density of the recompacted material.

TABLE 4-3. VALUES FOR SECANT MODULUS [4-1]

SOURCE: LAMBE & WHITMAN; p. 155

Modulus

(PSI x 10
3

)

Soil
Relative
Density

Vertical
Stress
From 9

to 15 PSI

Vertical
Stress
From 29

to 74 PSI

Uniform Gravel 0 4.4 8.7

1 mm < D < 5 mm 100 17.0 26.0

Well Graded Sand 0 2.0 3.7

0 .02 mm < D < 1 mm 100 7.5 17.6

Uniform Fine Sand 0 2.1 5.1

0.07 mm < D < 0.3 mm 100 7.4 17.4

Uniform Silt 0 0.4 2.5

0.02 mm < D < 0.07 mm 100 5.1 11.1

At stress levels exceeding 1 ksi, crushing of individual parti-
cles takes place. Typical one-demensional stress-strain plots illus-
trating this behavior are shown in Figure 4-9. Linear stress-strain
behavior is appropriate at stress levels in the normal engineering
range, i.e., 0.025 to 0.100 ksi.
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FIGURE 4-9. STRESS-STRAIN BEHAVIOR FOR SAND IN COMPRESSION [4-10]

SOURCE: LAMBE & WHITMAN

4.2.3. 3 Miscellaneous Types of Soil-based Muck

Many types of soil do not fit easily into either the clay or
sand and gravel-based muck described previously. The three most
common examples are silt, glacial till, and highly organic material.
Silt can be tested as either a clay or a sand. Glacial till is a
mixed-grained soil which is hard to sample and is usually tested only
for grain size distribution. Highly organic soils are not
significantly valuable as engineering materials.

Silt is often defined as a fine-grained soil with little or no
plasticity. It is typically a transitional material between sand and
clay. Silt reacts readily to changes in water content and can become
essentially fluid with a small increase in water. Its small particle
size results in a low permeability that retards drainage and stabili-
zation. Relatively small percentages of clay particles can cause
silt to act as a clay.

Glacial till is described as an unstratified glacial deposit of
clay, silt, sand, gravel and boulders. It is usually extremely hard
and dense and difficult to mine, although stability of the deposit
would generally not be a problem. Blasting is sometimes required.
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Increases in water content after excavation can cause till to become
fluid and unstable due to the presence of silt and clay-sized parti-
cles. Boulders can be a serious problem for a variety of different
tunneling and muck handling methods.

Organic soils include peat and organic silts and clays. Peat is
an aggregate of fibrous fragments of decaying vegetable matter. Its
color ranges from light brown to black and it is characterized by low
strength, high compressibility and high gas contents. Generally,
these materials mine very well although compressed air is sometimes
necessary below the water table. Peats and organic silts are usually
encountered at shallow depths and the fibrous particles and
plasticity provide enough stand-up time to prevent stability
problems

.

4. 2. 3. 4 Rock-based Muck

Rock is mined either by tunnel boring machines or by
conventional drill and blast procedures. The method of mining
directly affects the type of rock muck produced.

A description of TBM muck is given in Section 3.2 with typical
gradation curves in Appendix B (Figures B-l to B-ll). Relationships
between the unconfined compressive strength of the intact rock, which
is frequently determined by current laboratory procedures, and the
coefficient of uniformity of the rock muck show that well-graded
materials are produced by TBMs for a wide range of rock types
(Figures 3-9, 3-10).

Drill and blast muck is more coarsely textured than TBM muck and
includes blocks of over 36 in. in maximum dimension down to rock
flour. Some silt and clay-sized particles may occur due to weathered
rock areas or fault zones within the rock mass. Although rock falls
and overbreak may contribute very large pieces to the muck pile,
these pieces are usually blasted again in order to fit the muck
handling equipment. Typical drill and blast gradation curves are
shown in Figures 4-10 through 4-12 [3-15], Plots of unconfined
compressive strength of the intact rock versus the coefficients of
uniformity and curvature of the rock muck given in Figures 4-13 and
4-14, respectively, show that drill and blast procedures also produce
well-graded tunnel muck for a wide range of rock types.

A very simple index test for classifying rock has been presented
by Terzaghi and is reproduced in Table 4-4. Classification of rock
according to this diagram may prove helpful for determining muck uti-
lization potential. This method is promising because the suggested
tests simulate the muck environment with exposure to water causing
changes in various rock types.

In general, rock core samples obtained from test borings are
classified according to geological criteria and tested in unconfined
compression. Intact rock strengths vary from 1 to 50 + ksi and intact
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tangent moduli vary from 0.5 to 15 million psi. A general rule of
thumb is that the intact modulus is approximately 300 times the
unconfined compressive strength [4-4]

.

Testing of crushed rock
samples is rarely needed for design and construction purposes.

The strength of rock muck is a function of the amount of inter-
particle friction and interlocking. In general, it is conservative
to assume that the friction angle for most rock types is equal to 30
degrees [4-12] and the angle for limestone is 35 degrees. Bearing
capacity factors for compacted rock muck including a suitable factor
of safety can be based on these values.

GRAIN SIZE DISTRIBUTION

°IOOO 100 10 10 0.1 001 0001°

GRAIN SIZE IN MILLIMETERS

COBBLES
GRAVEL SAND

SILT OR CLAY
COARSE

|

FINE C0ARSe| MEDIUM
|

FINE

Sample

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U. S ARMY

Coefficient of Coefficient of
No. Description Uniformity, C„ Curvature, C„

51 COBBLES 12 1.4

52 GRAVEL and COBBLES 28 1.6

53 GRAVEL with cobbles 28 1.2

FIGURE 4-10. GRADATION CURVES FOR DRILL AND BLAST MUCK
- SAMPLES 51 THROUGH 53 [3-15]
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PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION

GRAVEL SAND

COARSE
|

FINE coarse] MEDIUM
]

FINE

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U S ARMY

Sample
No. Description

Coefficient of Coefficient of
Uniformity, C

^
Curvature, C

^

54 COBBLES and GRAVEL 33 5.8

55 GRAVEL with cobbles 12 1.2

56 GRAVEL with cobbles 13 1.4

FIGURE 4-11. GRADATION CURVES FOR DRILL AND BLAST I1UCK
- SAMPLES 54 THROUGH 56 [3-15]
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GRAIN SIZE DISTRIBUTION
US. STiNDIRO SIEVE SIZE

GRAVEL SAND

COARSE
|

FINE COARSE
|

MEDIUM
[

FINE

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS. U. S ARMY

Sample
No. Description

Coefficient of Coefficient of

Uniformity, C^ Curvature, C^

57 sandy GRAVEL with
cobbles

70 1.4

58 sandy GRAVEL with
cobbles

108 2.8

59 sandy GRAVEL with
bobbles

88 1.9

FIGURE 4-12. GRADATION CURVES FOR DRILL AND BLAST MUCK
- SAMPLES 57 THROUGH 59 [3-15]
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TABLE 4-4. TERZAGHI ' S GUIDE FOR DISTINGUISHING ROCK,
WEATHERED ROCK, AND SOIL

In Original
State

Volume Change
Produced by

Saturating
Dried Fragments
With Water

After Repeated Drying,
Immersing, and Shaking,
or Upon Prolonged
Exposure to Atmosphere

Group

solid with unchanged solid rock
ringing
sound when
struck by
hammer

breaks up into small finely fissured or

hard pieces with clean
surface

crushed unaltered
rock

imperceptible breaks up into small slightly decomposed
fragments with "greasy"
surfaces owing to presence
of fine grained weathering
products

fissured rock

breaks up into individual sandstone or mudstone
l^sand or silt particles w/uns table cement

/^breaks up into small intermediate between
angular fragments without rock and clay. Rock
any indication of chemical characteristics
alteration predominating

gradually transformed into intermediate between

<
suspension of soil rock and clay. Clay

measurable particles characteristics
predominating

solid with gradually transformed into thoroughly decomposed
dull sound suspension of clay rock

when struck particles and a sediment
consisting of angular rock

^fragments

solid with imperceptible completely transformed clay , silt
dull sound to important into a suspension and/or a

when struck,
plastic or
stiff viscous

loose sediment

slightly imperceptible rapidly loses its cohesion rock powder, grit,

cohesive to
cohesionless

when agitated with water sand, gravel

Actual testing of crushed rock samples would allow an increase
in the angle of internal friction taking into account the effect of
interparticle interlocking. Based on large scale triaxial tests,
friction angles for crushed rock were shown to vary between 45
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60 degrees with an average of 50 degrees [4-13] . As shown in Figure
4-15, friction angles decrease with increased confining stress as a
result of particle crushing.

The tangent modulus or compressibility of rock muck is related to
the confining stress. Examples of the modulus of elasticity for typi-
cal crushed rock materials are shown in Figure 4-16. In these cases,
the initial tangent moduli varied from 10,000 to 50,000 ksi for low
confining stresses.

As stated previously, rock hardness testing is becoming more com-
mon with the advent of tunnel boring machines [4-6], Unfortunately,
these tests are not the same hardness tests used by aggregate pro-
ducers to evaluate materials for use with portland cement or biti-
minous concrete. With time it may be possible to relate the various
index test results. For the present, it is necessary to conduct ad-
ditional tests as described in the following Section 4. 3.2.2.

4. 2. 3. 5 Debris

The most common types of debris are discarded equipment, wood,
steel and concrete. It is surprising how much valuable equipment ends
up in the muck pile. Difficult working conditions and a desire for a
rapid rate of advance cause tools to be damaged, and tools which mal-
function are immediately discarded and replaced. These include hand
tools such as hammers, wrenches, axes and shovels, and larger items
such as step ladders and scaffolding.

Debris is added to the muck in two different ways as construction
proceeds. Some debris ends up in the muck on a continuous day-to-day
basis as activities proceed at the face. It is very common, however,
for contractors to set aside a day either on a regular basis or when
there is a lull in the work to clean up the working area. At this
time, loose, wet soil, rock and debris are removed from the tunnel in-
vert and disposed of as muck.

Building demolition, which very often accompanies tunnel con-
struction, also contributes to debris. Most demolition is performed
under a contract separate from the actual construction of the tunnel.
Tunnels constructed in large urban areas by cut and cover methods al-
most always encounter a layer of fill or debris which is the result of
previous construction or demolition activities at the site.

In rock tunnels excavated by the drill and blast method, one is

apt to find bits of broken steel, used drill bits, plastic containers
for explosives, timber used for support, discarded rubber gear, paper
containers such as cardboard boxes used to transport explosives, and
various types of contaminated liquids such as fuel oil, hydraulic oil,
etc.

Wood is used in tunnels primarily for support and for forming.
In soft ground tunnels, wood is very often used as lagging between
steel ribs and the rock to hold the rock in place. Pieces of wood
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cut off to forn the liner and excess wood used in concrete forms end
up in the muck pile.

Concrete debris is produced when concrete bulkheads are removed.
When excess grout or wet concrete spills on to the invert of the tun-
nel, it is shoveled into the muck pile. Normally, the percentage of
concrete debris is not significant but when shotcrete is applied, the
rebound will regularly contaminate the muck.

4 . 3 INVESTIGATING THE POTENTIAL FOR MUCK UTILIZATION

Data obtained from subsurface and laboratory tests discussed in
Section 4.2 provide the bulk of the information necessary to evaluate
the potential for muck utilization. Some additional field
exploration and laboratory testing is desirable, however, in order to
improve planning and reduce contingencies for a program of muck
utilization. Frequently the additional data for muck utilization
will also be useful for design and construction.

The scope of additional testing for muck depends in part on the
arrangements made for its utilization. In general, the test proce-
dures outlined below are intended to be used in conjunction with the
currently available data to assist the owner or tunnel contractor
with plans for muck utilization. It is assumed, as recommended later
in this report, that utilization plans will be flexible so that
changes in the character of the muck can be dealt with.

4.3.1 Field Exploration

As discussed below, a few of the recommended laboratory tests
for muck utilization planning require large specimens. Large soil
specimens are also desirable to accurately determine the grain size
distribution of the entire deposit, rather than that of small samples
obtained in test borings. For these reasons it is recommended that
large diameter or even accessible explorations be made. For this re-
port, a large sample is defined as at least 30 lb of soil or rock
material. By comparison, a standard split spoon sample, driven 18
in., recovers about 1 lb of soil.

It is realized that accessible explorations are expensive, es-
pecially in urban areas. In general, they should be made when the
design phase test boring program and final route selection are
complete and a very deliberate sampling procedure is possible. A
program of "purposeful sampling" is described in the literature
L
4— 1 5 ] as a process for obtaining a maximum amount of subsurface

information for the least possible cost. For example, if a proposed
tunnel is located in rock, it would be possible to auger through the
overburden without sampling in order to obtain rock specimens for
testing

.

One of the best types of exploration for obtaining large samples
is in fact, augering. Augers up to several feet in diameter are
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readily available in many sections of the country for use in caisson
or pier type foundation construction. Excavations more than 2.5 ft
in diameter can be easily entered by an inspector if it can be done
safely. Otherwise when the excavation reaches a critical location, a
small clamshell device could be used to obtain large samples. A com-
plete record of the entire excavation could be kept with a
realization that it is difficult to establish precise sampling depths
during continuous augering.

With respect to samples, it is recommended that additional soil
samples be saved for laboratory testing. In general, about 25
percent of the sample from a split spoon sampler is placed in a
sample jar and the rest is wasted. Saving all the material at
selected locations would satisfy some of the requirements for large
sample testing.

The only additional field test that is recommended is the field
vane test for clay soils. Although these tests are already done in
many cases for design and construction purposes, their increased use
for estimating clay sensitivity is recommended.

For large sample rock testing, it is recommended that a few
carefully selected additional rock core borings be performed. It is
not necessary to make large diameter holes in this case unless it is
intended to provide a pilot shaft or tunnel for inspection by
designers and contractors. Regular NX borings could be drilled,
carefully logged, and photographed, and then all the rock core could
be made available for muck utilization testing.

Additional test borings can be completed at a small increase in
exploration cost, particularly if "purposeful sampling methods" are
used. Standard NX core borings can be completed and the samples
provided for destructive laboratory testing. Because of the destruc-
tive testing, these samples would not be available for inspection by
contractors evaluating soil conditions along the route. However,
core descriptions and photographs can be provided in lieu of the act-
ual core.

4.3.2 Laboratory Testing

As discussed in Section 5, it is possible to utilize tunnel muck
as an engineering material such as landfill or concrete aggregate and
in more specialized ways as a raw material ingredient for bricks or
Portland cement. Discussed herein are the additional test procedures
which can be conducted in laboratory facilities commonly used for
civil engineering purposes. Highly specialized tests, as required
for brick or cement manufacture must be performed by experts in the
industry which intends to use the muck. These acceptability tests
would be completed at little or no cost to the owner.

4. 3. 2.1 Soil Testing

In general, clay-and sand and gravel-based muck are well
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described by standard laboratory tests currently in use.
Determination of natural water content, Atterberg limits, unconfined
compressive strength, compression characteristics, particle shape and
gradation as discussed previously allow the engineering behavior of
the remolded material to be estimated. The biggest variable would be
the amount of water which will be added during excavation and
delivery of the muck. Water is not easily removed from clay muck
because of its low permeability. Some allowance should be made for
additional drying time or consolidation due to water accumulation in
fine-grained muck.

It is recommended that a series of consolidation tests be per-
formed on thoroughly remolded samples of fine-grained soils to deter-
mine the effect of remolding on the compression index and coefficient
of consolidation. For maximum benefit, it is suggested that remolded
samples be obtained immediately adjacent to other samples which were
tested in a relatively undisturbed state. It might also be possible
to increase the water content of clay samples by a few percent during
remolding to test the effect of water accumulation on clay-based
muck

.

The frequent use of soil in compacted landfill projects requires
a knowledge of the material's moisture-density relationship and max-
imum dry unit weight. The relationship can be determined by the test
for moisture-density relationship of soils (ASTM D1557 or D698). In
this test the soil is compacted in several layers with a free falling
hammer at various moisture contents to obtain a relationship between
dry unit weight and moisture content. The optimum moisture content
corresponds to the maximum dry unit weight. Some free-draining,
cohesionless soils will not produce a well defined moisture-density
curve when subjected to impact compaction. For these soils the
maximum density should be determined as outlined in the test for
relative density of cohesionless soil (ASTM D2CM9). This method
utilizes vibratory compaction to obtain the maximum density, and
pouring techniques to obtain the minimum density. A drawback of the
moisture-density tests is the necessity for large samples. About 30
lb of soil are required to complete the moisture-density test, much
more than can be obtained from a standard test boring.

In order to obtain some idea of the density relationship it is
possible to use the Harvard miniature test which requires less than 5

lb of soil [4-16]. This amount can be obtained by saving more of the
standard split spoon sample.

A problem of increasing concern to many engineers is the possi-
bility of liquefaction of loose fine sand soils during earthquakes.
Liquefaction is a term used to describe a group of phenomena
occurring in saturated, cohesionless granular soil which is subjected
to cyclic loading. Liquefaction produces a large decrease in
effective stress accompanied by large deformations of the soil mass.
If tunnel muck, consisting of cohesionless granular soil, is to be
placed in a saturated environment and subjected to cyclic loads, the
potential for liquefaction should be investigated. Criteria for
liquefaction potential are developed in the laboratory by testing
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saturated cohesionless granular soils at varying densities under
static and cyclic loading conditions. The most common type of test
used is the cyclic loading triaxial test in which a cyclic load is
applied to an isotropically consolidated specimen, and the stress,
pore pressure, and number of cycles to failure are measured and
recorded. Parametric curves developed from laboratory data are used
to evaluate liquefaction potential. Split spoon samples supply the
necessary volume of soil for testing.

A series of standard acceptability tests has been developed to
evaluate the suitability of sand and gravel for use as concrete ag-
gregate. The tests are used to evaluate properties such as specific
gravity, soundness, scratch hardness, loss by abrasion, reactivity,
and petrographic analysis. Table 4-5 contains a list of the standard
tests, including the ASTM reference number, and an indication of the
size of the sample required for testing.

The volume of sample required depends on the maximum particle or
aggregate size. For example, for 1/2-in. aggregate, a 5-lb sample is
specified, whereas 25 to 50 lb or more are required for 2-and 3-in.
aggregrate. The 5-lb samples can be obtained from several split
spoon samples retrieved from the same strata. However, test pits,
test shafts, or large auger explorations are usually required to sup-
ply large sample volumes. It should be noted that large field sam-
ples are required in order to insure that a representative sample of
the material is obtained. A smaller percentage of the material is
actually tested. Thus, smaller field samples could be supplied to
evaluate basic chemical, petrographic, abrasion and other character-
istics with large samples deferred until the start of construction.
At the time, the gradation information can be finalized based on
tests on large volume samples.

A petrographic analysis, for example, involves an examination of
the rock using a microscope or even x-ray diffraction techniques. A
standard rock core sample would suffice as a laboratory sample. The
test is used to determine physical properties such as coatings on
particles, mineral type, particle shape, and general physical
condition of the rock type. The extent of weathering of the aggre-
gates can be evaluated.

Similarly, soundness tests are used to evaluate the potential
for weathering of aggregate when used in concrete. The test pro-
cedure consists of subjecting the specimen to a specified number of
cycles of immersion in a sodium or magnesium sulfate solution. The
accumulation: and growth of salt crystals in the pores is thought to
cause disruptive forces similar to the action of freezing water.

The reactivity test measures the potential reactivity of aggre-
gates with alkalies in portland cement concrete as indicated by the
reaction between sodium hydroxide and a specified size and gradation
of the crushed aggregate. The basic mineral and chemical properties
can thus be determined on relatively small samples, consistant with
standard test boring techniques.
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TABLE 4-5 STAIIDARD ACCEPTABILITY TESTS FOR AGGREGATE

ASTM

DESIGNATION

C88-73

TEST NAME QUANTITY OF SAMPLE

Pounds

Soundness of Aggregates

by Use of Sodium Sul-

phate or Magnesium

(1) fine aggregate 1±

(2) coarse aggregate

3/4 to 3/8 in. 1.0±
Sulphate

1-1/2 to 2-1/2 in. 11

C127-73 Specific Gravity and Max. Size Sample Weight

Absorption of Coarse 1/2 in. 5

Aggregate 2 in . 18

3-1/2 in. 55

C131-69 Resistance to Abrasion 11

of Small Size Coarse

Aggregate by Use of

The Los Angeles Machine

235-68 Scratch Hardness of Max. Size Sample Weight

Coarse Aggregate 1/2 in. 1/2

Particles 2 in

.

25

289-71 Potential Reactivity of

Aggregates > 1 lb

TEST NAME

295-65 Petrographic Examination

of Aggregates for

Concrete

per D - 75

D - 75 Sampling Aggregates

for Gradation Analysis

Only

Fine Aggregate 25

Coarse Aggregate:

Max. Size Sample Weight

3/8 to
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The aggregate acceptability tests are standard tests which can be
conducted by a concrete testing laboratory at the request of the
transit authority. Alternatively, samples can be supplied to a pro-
spective aggregate customer for testing at his facility.

Groundwater quality should also be investigated in areas where
industrial wastes or other pollutants may be present. Water quality
directly affects the acceptability of sand and gravel as aggregate.
Water samples can be obtained during the standard test boring program
and tested for pH, sulphates, chlorides, carbonates, hydrocarbons
(gas, oil), etc. Water samples can be obtained by pumping at the test
boring location or by recovering the pore water contained in the soil
samples. Tests would be conducted by a chemical laboratory agency.

4. 3.2.2 Rock Testing

Like sand and gravel-based muck, rock-based muck can be used
directly as landfill or, after adequate processing, it can be used as
aggregate. Unlike sand and gravel-based muck, it is not possible to
predict the grain size distribution of the muck from an investigation
of the in-situ properties of the rock mass. The same rock mass
excavated by drill and blast procedures and by a TBM will have vastly
different grain size characteristics.

The Muck Designation Number (MDN) is a promising technique for
estimating the grain size of rock muck [4-17] . The system is based
upon a predictor equation which can be used to mathematically compute
a number (i.e. the muck designation number) which is related to a
particular range of grain size distributions. Variables used in the
predictor equation are the in-situ rock properties (e.g. compressive
strength schmidt hardness, dry unit weight) and the excavation system
parameters ( e.g. for TBM methods: thrust, advance rate, revolutions
per minute; and for drill and blast methods: powder factor,
explosives, drill round). The predictor equation was developed from a

statistical analysis of approximately 50 case studies. The final
product of the analysis is the MDN ranging from 1 to 7. MDN 1 is
associated with a large maximum particle size, and the predominant
distribution is greater than the 1/2 in. size; MDN 7 is associated
with a relatively small maximum particle size, and the predominant
distribution is smaller than the 1/2 in. size. Intermediate numbers
range in size and size distribution between these limits.

The predictor equations are shown in Table 4-6. The equation for
TBM muck was used to check the gradation of the rock muck from the
Case Study No. 2, Washington Metro Tunnel, Contract A6a. Pertinent
rock quality data and machine characteristics are given below on page
4-39.
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TABLE 4-6. MDN PREDICTOR EQUATIONS [4-17]

SOURCE: HALLER; p. 3-31, 3-34

I. Tunnel Boring Machine

MDN = 18.312 - DUW x 0.047 + HCERQD x 10
-5

x 0.011

- CLASS x 0.688 - TEST x 1.934 - CF/RPM x 0.004

- THRUST x 0.119 - KERF x 5.613.

II. Drill and Blast

MDN = 17.958 - DUW x 0.094 - HCERQD x 10
-5

x 0.097

+ P. RATIO x 4.853 + CLASS x 1.113

+ WATER x 0.988 - TEST x 3.798 - PF x 0.083.

III. Definition of Variables

Rock Quality

DUW = Dry Unit Weight (pcf)

HCERQD = Hardness x Compressive Strength x Modulus x RQD
(no units) (ksi) (ksi) (%)

CLASS = Rock Classification
Igneous = 1, Metamorphic = 2, Sedimentary = 3

TEST = Resistance to Disintegration
No Disintegration = 1, Disintegration = 2

WATER = Water Occurrence
Dry = 1, Minor to Moderate = 2, Wet = 3

P. RATIO = Poisson Ratio

Excavation System Parameters

A. Tunnel Boring Machine

C/FRPM = Volume of Material Excavated/Hour/RPM
( f t -Vhour/rpm)

THRUST = Machine Thrust (ksf)

KERF = Kerf Spacing (ft)

B. Drill and Blast

PF = Powder Factor (lbs/cu yd)
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Rock Quality :

Rock Type = Schistos Gneiss

Compressive Strength = 9.7 ksi

g
Modulus of Elasticity = 6.9 x 10 ksi

Schmidt Hardness = 36

ROD =60

Dry Unit Weight = 170 pcf

Rock Class = Metamorphic

Disintegration Resistance = No Disintegration

Excavation System Parameter s

:

Tunnel Diameter = 18 ft.

Machine Thrust = 3.94 ksf

RPM = 5

Advance Rate = 4 ft. /hr.

Kerf Spacing = 0.20 ft.

The predictor equation for machine excavation is:

MDN = 18.312 - DUW x 0.0^7 + HCEROD x .10
~ 5

x 0.011

- CLASS x 0.688 - TEST x 1.934 - CF/RPM x 0.00^-

- THRUST x 0.199 - KERF x 5.613

Substituting the independent variables from above:

MDN = 18.312 - (170 x 0.047) + (36 x 9.7 x 6.9 x 60 x 10

- (2 x 0.688) - (1 x 1.934) - (254 x (4/5) x 0.004)

- (3.94 x 0.119) - (0.2 x 5.613)

= 4.6

x .011)
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Using the MDN concept, tunnel muck from this project would be as-
signed an MDN of either 4 or 5. The range in particle sizes and dis-
tributions for MDN 4 and 5 are plotted in Figure 4-17 together with
the gradation of a sample of the TBM muck schistose gneiss from METRO
Contract A6a.

The muck sample curve best fits the range assigned to MDN 5. For
this example the reliability of the MDN concept is very good and the
use of MDN for predicting muck particle size and distribution should
be encouraged.

Standard Screens: ASTM STD. SPEC. Ell-7:

- 6
" -#200

Standard S:y <_-n? : AETM STD. SPEC. E11-7C

SOURCE: HALLER; p. 3-14, 3-15

FIGURE 4-17. MDN PLOT FOR METRO A6a ROCK MUCK [4-17]
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Predicting the muck gradation will be helpful when evaluating the
use of muck as an aggregate. The gradation curve will indicate how
much processing would be required to satisfy the standard aggregate
specifications

.

Typical engineering properties of rock deposits can be estimated
based on empirical correlations with geological classifications. Sev-
eral empirical relationships are noted in Table 4-7. Local experience
is also an Important factor in assessing the rock value.

It is recommended, therefore, that the initial phase of labora-
tory testing on rock samples consist of geological classification com-
bined with a gradation estimate using the MDN method. This work can
be accomplished without additional laboratory testing.

If the rock shows promise as a source of aggregate, the standard
acceptability tests should be completed. The acceptability tests for
crushed rock aggregate are the same tests as described in Table 4-5
for natural sand and gravel aggregate. Again, note that the volume of
rock actually tested is smaller than the volume required to obtain re-
presentative samples. The Los Angeles Abrasion test, for example, can
be conducted on samples prepared by crushing standard NX rock core
samples. Crushing is accomplished by small scale laboratory jaw
crushers or other standard sample preparation equipment. A thorough
geologic evaluation of the rock mass could be used to indicate the de-
gree of reliability of the representative sample.

Strength and compressibility parameters of rockfill have been de-
termined by laboratory tests on very large test specimens [4-13, 4-14,
4-19, 4-20], Triaxial test specimens are prepared in cylinders typi-
cally 2 to 3 ft in diameter and 4 to 6 ft high. Smaller samples,
about 3 in. in diameter and 6 in. high have been used to test TBM rock
muck as described in Section 3 of this report. However, very few
laboratories are equipped to handle the large scale tests required for
crushed rock samples. It is recommended, therefore, that estimates of
the strength and compressibility of crushed rock samples be determined
by comparison with typical friction angle and modulus data as pre-
sented in Figures 4-15 and 4-16 respectively.

The potential value of rock as a mineral source can be evaluated
based on a geologic and petrographic analysis of typical samples.
Some of the basic industrial minerals and products extracted from min-
erals are listed in Tables 4-8 and 49 respectively. It is unlikely
that urban transit tunnels will encounter economically significant
mineral deposits. For example, a study of the northest corridor (be-
tween Washington DC and New York City) concluded that only occasional
deposits of asbestos and mica would be encountered in tunnel
excavations. Even if a quantity of mineral were encountered, the ec-
onomics of transporting and refining the rock muck would be economi-
cally prohibitive [4-22]

.

It is very unlikely, therefore, that tunnel
muck will be utilized as a source for industrial or rare minerals.
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TABLE 4-7. TYPICAL ENGINEERING PROPERTIES OF ROCK [4-18]

SOURCE : WOOLFE

I. Summary of Engineering Properties of Rocks

Type of Rock

Mechani-
cal Strength

Dura-
bility

Chemica

1

Stability
Surface

Character-
istics

Presence of

Undesirable
Impurities

Crushed Shape

Igneous

:

Granite, syenite, diorite Good Good Good Good Possible Good

Felsite Good Good Questionable Fair Possible Fair

Basalt, diabase, gabbro Good Good Good Good Seldom Fair

Peridotite Good Fair Questionable Good Possible Good

Sedimentary

:

Limestone, dolomite Good Fair Good Good Possible Good
Sandstone Fair Fair Good Good Seldom Good
Chert Good Poor Poor Fair Likely Poor
Conglomerate, breccia Fair Fair Good Good Seldom Fair

Shale Poor Poor Good Possible Fair to Poor

Metamorphic:
Gneiss, schist Good Good Good Good Seldom Good to Poor
Quartzite Good Good Good Good Seldom Fair
Marble Fair Good Good Good Possible Good
Seri>entinite Fair Fair Good Fair to Poor Possible Fair

Amphibolite Good Good Good Good Se ldom Fair
S late Good Good Good Poor Seldom Poor

II. Average Values for Physical Properties of the Principal Types of Rock

Bulk
Type of Rock Specific Absorption

Loss by Abrasion
Hardness Toughness

Gravity Deval 2 Los Angeles J

Igneous

:

Pet. Pet. Pet

.

Granite 2.65 0.3 4.3 38 18 9

Syenite 2.74 .4 4.1 24 18 14

Diorite 2.92 . 3 3. 1 — 18 15

Gabbro 2.96 . 3 3.0 18 18 14

Periodotite 3.31 . 3 4.1 — 15 9

Felsite 2.66 .8 3.8 18 18 17

Basalt 2.86 .5 3.1 14 17 19

Diabase 2.96 . 3 2.6 18 18 20

Sed imentary

:

Limestone 2.66 .9 5.7 26 14 8

Dolomite 2.70 1.1 5.5 25 14 9
Shale 1. 8-2.5 — — — — -

Sandstone 2.54 1.8 7.0 38 15 11

Chert 2.50 1.6 8.5 26 19 12

Conglomerate 2.68 1.2 10.0 — 16 8

Breccia 2.57 1.8 6.4 — 17 11

Metamorphic:
Gneiss 2.74 . 3 5.9 45 18 9

Schist 2.85 . 4 5.5 38 17 12

Amphibolite 3.02 . 4 3.9 35 16 14

Slate 2.74 .5 4.7 20 15 18

Quartzi te 2.69 . 3 3.3 28 19 16

Marble 2.63 . 2 6.3 47 13 6

Serpentinite 2.62 .9 6.3 19 15 14

^ After immersion in water at atmospheric temperature and pressure.
2 AASHO Method T3
AASHO Method T96
Dorry hardness test,
AASHO Method T5

U.S. Department of Agriculture Bulletin No. 949
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TABLE 4-8. USES OF MINERALS IN THEIR NATURAL STATE [4-21]

SOURCE : PEELE

ABRASIVES. Quartz, garnet, opal (tripolite and diatomaceous earth), corundum and energy, diamond

(bort), orthoclase. Leucite and alunite rocks have been used as millstones.

BUILDING STONES. Quartz, orthoclase, plagioclase, muscovite, biotite, pyroxene and amphibole

in varying proportions, forming agneous rocks commercially known as granite and trap; talc and

pyrophy Mite (soapstones), serpentines, ealcite and dolomite (limestones and marbles), quartz

(sandstone).

ELECTRICAL INSULATORS. M iscovite, phlorgopite, calcite (marble), andalusite, kyanite,

sillimanite, and dumortierite

.

FERTILIZERS. Carnallite and kainite for potash; soda nitre for nitrogen; gypsum and calcite for

lime; apatite (phosphate roc k) for phosphoric acid. Muscovite and biotite as retainers of moisture.

FLUXES. Calcite, fluorite, borax, pyrolusite.

GLASS. Chiefly quartz (sand and sandstone) and calcite (limestone); to a less extend orthoclase,

plagioclase, cryolite, and pyrolusite.

LUBRICANTS. Graphite, talc, muscovite.

PAINTS AND PIGMENTS. Hematite and limonite as "metallic paint"; the same minerals associated

with clay, "ocher." Calcite (chalk) as "whiting"; wad, barite, gypsum, asbestos, muscovite, talc,

kaolin, quartz, magnesite, azurite, graphite, asphaltum, rutile.

PAPER MANUFACTURE. Talc (fibrous), gypsum (selenite), as constituents of sheets. Barite,

calcite, kaolin, magnesite, bauxite, muscovite, for weight and glaze

.

PORCELAIN, POTTERY, ETC. Kaolin and other clays
,
quartz, orthoclase, albite, halite, gypsum

and pyrophy II i te

.

PRECIOUS STONES. Diamond, beryl, emerald, corundum (sapphire and ruby), chrysoberyl

(alexandrite), garnet (demantoid), spinel (ruby spinel). Semi-precious stones. Other varieties of

beryl, corundum, chrysoberyl, spinel, and garnet. Also opal, chrysolite (peridot), quartz

(amethyst and yellow), topaz, tourmaline, turquoize, zircon, spodumene (kunzite, hiddenite),

orthoclase (moonstone). Ornamental stones . Amber, chalcedony (onyx, carnelian, sard, agate,

etc.), quartz (rose cat's eye, aventurine, smoky, etc), orthoclase (amazon stone); plagioclase

( labrodor ite and sunstone). Amphibole (jade), lazurite (lapis lazuli), malachite, azurite, calamine,

smithsonite, chrysocolla, fluorite, gypsum (satin spar), serpentine, hematite, pyrite, rhodonite,

talc. Occasional faceted stones are cut from apatite, andulausite, eassiterite, chondrodite, cyan i te

,

pyroxene (diopside), enstatite, epidote, prehnite, staurolite, spliene and vesuvianite

.

REFRACTORY MATERIALS AND HEAT INSULATORS. Asbestos, bauxite, chromite, dolomite,

graphite, i Imen ite, kaolin, magnesite, muscovite, opal (diatomaceous earth), serpentine (chrysoti le),

quartz, pyrophy Hite, talc (soapstone), sillimanite, andalusite, kyanite and vermiculite.

RUBBER MANUFACTURE. Sulphur, stibmte, barite, ealcite, talc, pyrophy Hite

.

SOAP AND WASHING POWDERS, TOILET ARTICLES. Borax, opal (diatomaceous earth), talc,

quartz, magnesite, orthoclase.

SUNDRIES. Coloring or decolorizing pyrolusite, psilomelane, rutile. Condiments: halite.

Explosives: nitre, sulphur. Filters: opal (tripolite). Enamels: fluorite, borax. Matches: stibnite

sulphur. Optical: Quartz, calcite, fluorite, gypsum, muscovite. Pencils: graphite, talc, pyro-

phyllite. Pipes: sepiolite (meerschaum), succinite (amber).
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TABLE 4-9. PRODUCTS EXTRACTED OR MANUFACTURED DIRECTLY
FROM MINERALS [4-21]

SOURCE : PEELE

ALUMINUM from bauxite, possibly cjibbsite, with cryolite* as flux.

ALUNDUM 'Al202‘ from bauxite.

ALUMINUM SULPHATE AND ALUM from a Inn itc, cryolite, bauxite, kaolin.

ANTIMONY from stibnito ami its alteration products and lead ores carrying antimony.

ARSENIC from arsenopyrile and sometimes from smaltite, c.obaltile, enargite, etc.

BARIUM HYDROXIDE AND BARIUM SULPHIDE from barite.

BERYLLIUM AND BERYLLIUM OXIDE from beryl.

BISMUTH from native bismuth, bismutite, and bisn ite.

BORAC AND BORIC ACID, from eolemanite, ulexitc, borax, and sassolite

BROMINE Irom halite (salt brine'.

CADINIUM from sphalerite and snnthsonite containing greenockite.

CALCIUM OXIDE (LIME) fro< •« calcite (limestone)

CALCIUM SULPHATE (HEMI -HYDRATE) OR PLASTIC from gypsum.
CALCIUM SUPERPHOSPHATE from apatite.

CEMENTS from calcite and clays.

CARBONIC ACID from magnesite and calcite.

CHLORINE from hydrochloric acid and pyrolosite, the former being derived from halite.

CHROMIUM ALLOYS, especially ferrochrome from chromite.

COBALT OXIDE AND COBALT ARSENATE (ZAFFRE) from smaltite, cobaltitc, and cobaltifcrous limonite.

COPPER principally from chalcocite, native copper, chalcopyrite, bornite, cuprite, malachite, and azurite, although enargite,

tetrahedrite, atacamitc, brochantite, chalcanthite, and chrysocolla and all sources of copper in certain districts . In

addition to these the iron sulphides often carry copper which is extracted after burning for sulphuric acid.
COPPER SULPHATE Irom chalcopyrite.

GOLD from gold and the gold tellurides (sylvanite, calaverite, petzite), from silver and copper ore and from pyrite, arsenopyrite
and pyrrhotite, and sphalerite and other sulphides or tellurides.

HYDROCHLORIC ACID from halite.

HYDROFLURIC ACID from fluorite and cryolite.

IODINE from sodium ioclate obtained from soda nitre.

IRIDIUM from iridosmine.

IRON from hematite, limonite, magnetite, and sideritc, geothitc, and turgitc (commercially included with limonite), some ilmcnite,

and rarely risiducs from the roasting of pyrites..

IRON SULPHATE (ferrous) or "copperas" from pyrite and chalcopyrite.

IRON MANGANESE ALLOY from frank I ini tc and certain manganiferous hematites and sidcritcs; all from pyrolusitc, psilomelanc,
manganite and other manganese oxides.

LEAD, chiefly from galena and ccrussitc. Anglesitc and pyromorphitc sometimes occur in quantity.

LEAD SULPHATE (sublimed white lead and blue lead) from galena.

LITHIUM CARBONATE from spodumcnc, lepidolite, and amblygonite.

MAGNESIUM Irom carnallite.

MAGNESIUM CARBONATE from dolomite. Basic carbonate from kieserite.

MAGNESIUM OCIDE from magnesite, and indirectly kieserite.

MAGNESIUM CHLORIDE from carnallite.

MAGNESIUM SULPHATE 'FPSOM SALTS) from kieserite and less often from magnesite and dolomite.

MANGANESE ALLOYS from pyrolusitc, psilomelanc and braunite, or with intermixed rhodochrome and rhodomite.

MANGANESE SALTS from pyrolusitc.

MERCURY from cinnabar.

MOLYBDENUM AND AMMONIC MOLYBDATE from molybdenite.

NICKEL from pcntland itc, garnicrite, nickelifcrous pyrrhotite, and to a less extent from milled niccolite and the cobalt minerals,

cobaltitc and linnacite

.

NITRIC ACID from soda -nitre and nitre.

PALLADIUM from copper ores and platinum.

PHOSPHORUS from an impure calcium phosphate (sombrerite), or from bone ash.

PLATINUM from native platinum and sperry lite, and from some gold and copper ores.

POTASSIUM from carnallite.

POTASSIUM DICHROMATE from chromite.

POTASSIUM SULPHATE Irom kainitc.

POTASSIUM NITRATE from soda nitre and carnallite.

RADIUM CHLORIDE from uraninitc, carnotite, and autunite.

RHODIUM from platinum.

SCLENIUM from sulphur, chalcopyrite, and pyrite.

SILICON CARBIDE (CARBORUNDU IN’1 from quartz and coke.

SILICON ALLOYS (FERRO-SILICON from quartz.

SILVER from native silver, argentite, cerargyrite, embolite, proustite, pyrargyrite, and les important, hessite, polybasite, and

iodyrite. Included in other minerals, notably, galena or ccrussitc, but also in copper ores, manganese ores and with gold in

pyrite and arsenopyrite.

SODIUM BORATE (BORAX' from eolemanite, ulexitc, sassolite, kernite, and native borax.

SODIUM STANNATE from cassitcrite.

SODIUM SULPHATE (SALT-CAKE- Irom halite, and from this, caustic soda, carbonate, bicarbonate.

STRONTIUM NITRATE AND CHLORIDE from strontianitc

.

SULPHURIC ACID, SULPHUROUS ACID, from native sulphur, pyrite, marcasitc, chalcopyrite, sphalerite, pyrrhotite, and other

sulphide ores

.

TANTALUM from columbitc.
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TABLE 4-9. PRODUCTS EXTRACTED OR MANUFACTURED DIRECTLY
FROM MINERALS [4-21] (continued)

SOURCE : PEELE

THORIUM NITRATE AND THORIUM OXIDE from monazite, thorite, thorianite.

TIN AND SODIUM STANNATE from cassiterite.

TITANIUM, TITANIUM OXIDE, AND F ERR 0-T IT AN IUM from i Imenite

.

TITANIUM CARBIDE from rutile.

TUNGSTEN, FERRO-TANGSTEN, from wolframite and scheelite

.

TUNGSTATE OF SODA from wolframite.

URANIUM YELLOW OR SODIUM DIURANATE from urainite, earnotite.

VANADIUM, AND FERRO-VANADIUM from earnotite, patronite, roscoclite, vanadinite, degeloizite .

VANADIC OXIDE from mottramite.

ZINC, "ZINC DUST", AND SINC OXIDE from sphalerite, smithsonite, and calamine; and in New Jersey, willemite and zincite.

ZINC SULPHATE from sphalerite.

ZIRCONIUM OXIDE from zircon.

4.4 COSTS ASSOCIATED WITH EXPLORATION AND TESTING

Costs associated with the supplemental field and laboratory tests
will depend on several factors including the extent or thoroughness of
the standard design exploration program, soil and rock conditions, and
the anticipated use for the muck. If a thorough design exploration
program is completed, then a minimum of supplemental tests would be
required. In this minimum category, costs for supplemental tests
would range from 1 to 2 percent of the standard exploration costs.
Similarly, if two or three alternative uses are investigated, then
testing costs will be slightly higher, about 3 to 5 percent of the de-
sign exploration costs. If, however, additional field explorations
and extensive laboratory testing are completed, then the costs will
become significant, ranging from 30 to 50 percent of the design pro-
gram costs.

It is anticipated that the primary use for muck will fall into
the landfill category where simple gradation and standard compaction
test data are the only tests required. Testing costs will be in the
minimum category, ranging from 1 to 2 percent of the design program
costs. As the potential uses become more complex, then additional
testing costs will be incurred.

Basic design exploration and testing costs were established by
reviewing the programs conducted for portions of the BART and METRO
transit systems and estimating the direct costs at 1974 rates for
field and laboratory tests. Suggested supplemental test programs were
then prepared to evaluate gravel and rock muck used for landfill and
aggregate. A comparison of costs produced the percentage estimates
given above* The following paragraphs summarize the cost estimates.

4.4.1 Exploration and Testing Costs for Design

Design exploration and testing costs were estimated to provide a
basis for comparison of muck evaluation costs. The first project in-
vestigated was the METRO Connecticut Avenue Route, a twin tube rock
tunnel which runs for about 4 miles from 12th and G Streets, N.W. to
the intersection of Idaho and Connecticut Avenues, N.W. The purpose
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and extent of the field investigation and laboratory testing program
was presented in the engineering reports prepared by Mueser, Rutledge,
Wentworth and Johnson [4-23]. The project was described in Section 2

of this report.

Briefly, the field program consisted of 112 borings, about 4280
ft of wash borings, 98 undisturbed samples and 3550 ft of rock cores.
Special field tests included a 66 ft deep test pit used to conduct a
pump test and to obtain large volume samples for identification pur-
poses. Menard pressuremeter tests, borehole water pressure tests, and
borehole photography were also used as field tests. The laboratory
program for soft ground included testing for Atterberg limits, grain
size distribution, permeability, compaction, unconfined and triaxial
strength, direct shear, and consolidation parameters. Compression,
hardness and sonic pulse testing were completed on rock samples. The
estimated costs, in 1974 dollars, for exploration and testing, ex-
cluding engineering analysis and inspection, is $225,000 or about
$10,700 per 1000 ft of route.

The second project investigated was also part of the METRO sys-
tem. The section consisted of the Pentagon and Benning Routes from
Connecticut Avenue and Eye Street, N.W. to 36th Street and Benning
Road, S.E. The system, composed of two 18 ft diameter single track
soft ground tunnels, is about 6.5 miles long. The extent of the ex-
ploration and testing was reported by Mueser, Rutledge, Wentworth &

Johnson [4-24]. This project was also described in Section 2 of this
report

.

Field explorations consisted of 160 borings measuring 11,311 ft
in total length, 289 undisturbed samples, 48 observation wells and 95
ft of rock cores. Field testing included 2 full scale pumping tests
and 194 falling head bore hole permeability tests. Laboratory tests
were made for Atterberg limits, grain size distribution, permeability,
compaction, unconfined, triaxial and direct shear strengths, and con-
solidation parameters. Exploration and testing costs, estimated in
1974 dollars, excluding engineering analysis and inspection, are about
$240,000 or about $7,100 per 1000 ft of route.

The final project investigated was a portion of the BART system
along Market Street in San Francisco between the Old Ferry Slips in
the east and the intersection of Market and Valencia Streets in the
west, a distance of about 2.3 miles. The results of exploration and
testing are reported by Parsons-Brinkerhof f-Tudor-Bechtel [4-25], The
section along Market Street consisted of four 19 ft diameter tunnels
in a rectangular pattern excavated in soft ground. Field explorations
included 30 borings of about 4000 ft in total length, 506 driven sam-
ples, 232 undisturbed samples and 7 observation wells. Testing was
made for Atterberg limits, specific gravity, grain size distribution,
consolidation parameters and unconfined and triaxial strength. Costs
for this program are estimated to be about $85,000 or about $7,100 per
1000 ft of route (again expressed in 1974 dollars and excluding engi-
neer analysis and inspection)

.
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4.4.2 Estimated Costs for Muck Evaluation

Suggested testing programs were prepared for soft ground and rock
tunneling. The programs were categorized as minimum, moderate and ex-
tensive to provide a range of cost estimates. It was also assumed
that one series of tests would be completed for each 1000 ft of tun-
nel. The extensive program included additional field explorations
such as deep test pits as required to obtain large volume samples.
The costs are summarized in Tables 4-10, 4-11 and 4-12.

The data in Table 4-12 clearly indicate that the use of muck for
landfill and aggregate purposes involves minimal additional testing
costs. Additional testing required to evaluate the use of muck for
landfill purposes involves an expenditure of less than 2 percent of
the basic program costs.

An extensive supplemental testing program may be required in or-
der to evaluate muck properties for a critical landfill or aggregate
project. The major factor influencing costs is the additional field
sampling required to obtain special samples or large volume samples.
If the design program is not thorough or is not coordinated with muck
utilization sampling needs, then supplemental exploration costs will
be prohibitively high.



TABLE 4-10. SOFT GROUND TUNNELING - SUGGESTED SUPPLEMENTAL
TESTING PROGRAM FOR MUCK EVALUATION

Estimated Number of Tests

Item Unit Price Minimum Moderate Extensive

A. Laboratory Testing

1. Landfill

Gradation $ 20 1 1 1

Compaction $ 70 1 1 1

Strength $ 300
_(1) - 3

Frost Susceptibility $ 80 - - 1

2. Aggregate

Petrographic $ 100 - 1 1

Chemical $ 50 - 1 1

Standard Test $ 80 - 1 1

Field Testing

1. Sample from No Charge 1 1 -

Standard Borings

2. Large Test Pit or 2000 1

Auger Sample

Note: (1) no test required



TABLE 4-11. ROCK TUNNELING - SUGGESTED SUPPLEMENTAL
TESTING PROGRAM FOR MUCK EVALUATION

Item Estimated Number of Tests

Unit Price Minimum Moderate Extensive

Laboratory Testinq

1. Landfill

Gradation

Predict
by MDN

Predict
by MDN

Predict
by MDN

Petrographic 1

_
(1)

-

Strength $ 400 -
3

Frost Susceptibility $ 80 —
1

2 . Aggregate

Petrographi

c

$ 100 - 1 1

Chemical $ 50 - 1
-L 1

Standard Test $ 80 " 1 1

Field Testinq

1. Sample from Available
Rock Core

No Charge 1 1

2. Additional Rock Core $ 2000 _ _ 1

Sample

Notes: (1) No test required
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TABLE 4-12 COUPARISON OF SUPPLEMENTAL MUCK UTILIZATION
TESTING WITH DESIGN PROGRAM COSTS

Description
Cost of

Supplemental Percent of Standard
Test^ Design Cost^

Soft Ground Tunnels

Minimum - Landfill $ 90 1-3%

Moderate - Landfill and
Aggregate

$ 320 4-6%

Extensive $3300 47%

Rock Tunnel

Minimum - Landfill $ 100 1%

Moderate - Landfill and
Aggregate

$ 310 3%

Extensive $3510 35%

Notes

:

(1) One test series conducted per 1000 ft of tunnel

(2) Basic design costs: rock tunnel $10, 000/per 1000 ft

soft ground tunnel $7, 000/per 1000 ft
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POTENTIAL USES OF TUNNEL MUCKo .

5.1 INTRODUCTION

The potential uses of tunnel muck can be divided into two major
categories: (1) use of muck as a construction material and (2) use of
muck as an ingredient in a specialized manufacturing process. The
first category includes construction of engineered, compacted fill,
controlled fill, and uncontrolled fill. The engineering classifica-
tion and the nominal strength and compressibility characteristics of
the basic muck types control the appropriate use of the material. The
second category includes uses such as clay muck as an ingredient in
fired clay products or cement, and the use of sand or rock muck as an
aggregate in asphalt or bituminous concrete. The appropriate use is
governed by the physical and chemical properties of the muck.

Highly specialized uses such as manufacturing glass from sand
muck or production involving iron or gold ore are not considered.
Even if such uses were possible, the schedule for construction would
not allow time for processing, and the muck would simply be stock-
piled. Stockpiling would then be the disposal method used by the tun-
nel contractor.

Also, as a manufacturing process becomes more involved and cost-
ly, the cost of raw materials becomes less important than the quality
of the raw material. Once an involved process begins, time is cru-
cial, and any procedure which increases the duration of a process in-
creases the cost of the final product. The possibility of convincing
a processor to use tunnel muck in an involved production scheme, even
if it is provided free of charge, is remote unless that processor has
some guarantee of the quality of the muck he is going to receive. The
quality of tunnel muck, however, cannot be guaranteed.

The considerations used to select the potential uses of tunnel
muck are consistent with the tunneling process in an urban environ-
ment. A muck utilization-suitability chart is presented in Table 5-1.
The chart lists the general categories of muck utilization which are
discussed in detail within this section.

5.2 UTILIZATION OF MUCK AS A CONSTRUCTION MATERIAL

The general civil engineering applications of soil and rock mate-
rials have been related to basic soil properties, such as gradation
and plasticity, or to Unified Soil Classification. Some typical re-
lationships are included in Tables 5-2, 5-3, and 5-4. The most impor-
tant parameters governing the use of the material are the strength,
compressibility and permeability.
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TABLE 5-1. MUCK UTILIZATION - SUITABILITY CHART (1)

Rock Muck Soft Ground Muck

Category
TBM

Drill &

Blast
Sand &

Gravel
Clay &

Silt

r—

1

rd

•H
U
0)

-P

Engineered, Compacted Fill 1 2 1 3

g
s:

c
o
-H

Controlled Fill 1 1 1 2

-P
U
P
u
-p

U)

Uncontrolled Fill 1 1 1 1

c
o
u

Sanitary Landfill 1 3 1 2

Fired Clay Product 3 3 3 1

(N

Light Weight Aggregate 2 2 3 2

i—

1

rd

-rH

P
Q)

Portland Cement 1 2 3 1

-P
rd

S

<D

Portland Cement Aggregate 1 1 1 3

N
-H
i
—

1

rd

-rH

u

Bituminous Cement Aggregate 1 1 1 3

01

cu
in

Pavement Base Course 1 1 1 3

Track Ballast 2 1 3 3

Miscellaneous Rip Rap 2 1 3 3

Legend: 1 = Excellent

2 = Satisfactory

3 = Poor

chemical and other tests.

(2) Excavated material must be

compatible to specialized use.

Note: (1) Based on general physical

gradation; suitability for

specific use also governed by
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TABLE 5-2 DESCRIPTION OF SOIL COMPONENTS [4-10]

SOURCE: LAMBE & WHITMAN; p. 36

Soil
Soil

Component
Symbol Grain Size Range and Description Significant Properties

Boulder None Rounded to angular, bulky, hard, rock Boulders and cobbles are very stable components,

particle, average diameter more used for fills, ballast, and to stabilize slopes

than 12 in. friprap). Because of size and weight, their

occurrence in natural deposits tends to improve

the stability of foundations. Angularity of

particles increases stability.

Cobble None Rounded to angular, bulky, hard, rock

particle, average diameter smaller

c than 12 in. but larger than 6 in.

o
Q. Gravel G Rounded to angular bulky, hard, rock Gravel and sand have essentially same engineering

s particle, passing 3-in. sieve properties differing mainly in degree. The No.
O (76.2 mm) retained on No. 4 4 sieve is arbitrary division, and does not cor-

"c sieve (4.76 mm) respond to significant change in properties.

They are easy to compact, little affected by

r Coarse 3to 3/4-in. moisture, not subject to frost action . Gravels

3 are generally more perviously stable, resistant

§ Fine 3/4-in. to No. 4 to erosion and piping than are sands. The well-
u

Sand S Rounded to angular, bulky, hard, rock

graded sands and gravels are generally less

pervious and more stable than those which are

particle, passing No. 4 sieve poorly graded (uniform gradation). Irregularity

(4.76 mm) retained on No. 200 of particles increases the stability slightly.

sieve (0.74 mm) Finer, uniform sand approaches the character-

istics of silt: i.e., decrease in permeability

Coarse No. 4 to 10 sieves and reduction in stability with increase in

moisture.

Medium No. 10 to 40 sieves

Fine No. 40 to 200 sieves

Silt

Clay

Organic

matter

M Particles smaller than No. 200 sieve

(0.74 mm) identified by behavior:

that is,dightly or non-plastic regard-

less of moisture and exhibits little

or no strength when air dried

C Particles smaller than No. 200 sieve

(0.74 mm) identified by behavior;

that is, it can be made to exhibit

plastic properties within a certain

range of moisture and exhibits con-

siderable strength when air dried

0 Organic matter in various sizes and

stages of decomposition

Silt is inherently unstable, particularly when

moisture is increased, with a tendency to be-

come quick when saturated. It is relatively

impervious, difficult to compact, highly sus-

ceptible to frost heave, easily erodible and

subject to piping and boiling. Bulky grains

reduce compressibility; flaky grains, i.e.,

mica, diatoms, increase compressibility, pro-

duce an "elastic" silt.

The distinguishing characteristic of clay is cohesion

or cohesive strength, which increases with de-

crease in moisture. The permeability of clay is

very low, it is difficult to compact when wet and

impossible to drain by ordinary means, when

compacted is resistant to erosion and piping, is

not susceptible to frost heave, is subject to ex-

pansion and shrinkage with changes in moisture.

The properties are influenced not only by the

size and shape (flat, plate-like particles) but

also by their mineral composition; i.e., the type

of clay-mineral, and chemical environment or

base exchange capacity. In general, the mont-

morillonite clay mineral has greatest, illite and

kaolinite the least,adverse effect on the properties.

Organic matter present even in moderate amounts in-

creases the compressibility and reduces the stab-

ility of the fine-grained components. It may decay

causing voids or by chemical alteration change the

properties of a soil, hence organic, soils are not

desirable for engineering uses.
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TABLE 5-3 ENGINEERING USE CHART [4-10]

T y pica 1 Names Group Permeability

Important

Shearing

Properties

Compressibility Workability
of Soil Groups Symbols when Strength when as a

Compacted when

Compacted

and

Saturated

Compacted

and

Saturated

Construction

Material

Well-graded gravels, gravel-sand

mixtures, little or no fines GW pervious excellent negligible excellent
Poorly graded gravels, gravel-sand

mixtures, little or no fines GP very pervious good negligible good
Silty gravels, poorly graded

gravel-sand -si It mixtures GM
semipervious

to impervious good neg ligible good
Clayey gravels, poorly graded

gravel -sand -clay mixtures GC impervious good to fair very low good

Well-graded sands, gravelly sands.

little or no fines SW pervious excellent negligible excellent

Poorly graded sands, gravelly

sands, little or no fines SP pervious good very low fa ir

Silty sands, poorly graded sand-
silt mixtures SM

semipervious

to impervious good low fair

Clayey sands, poorly graded sand-

clay mixtures SC impervious

good to

fair low good
Inorganic ^i Its and very fine sands.

rock flour, silty or clayey fine

sands with slight plasticity ML
semipervious

to impervious fair med ium fair

Inorganic clays of low to medium
plasticity, gravelly clays, sandy

clays, silty clays, lean clays CL impervious fa ir med ium

good to

fair

Organic silts and organic silt-clays

of low plasticity OL
semipervious

to impervious poor medium fair

Inorganic silts, micaceous or dia-

tomaceous fine saidy or silty

soils, elastic si Its MH
semipervious

to impervious

fair to

poor high poor

Inorganic clays of high plasticity.

fat clays CH impervious poor high poor

Organic clays of medium to high

plasticity OH impervious poor high poor

Peat and other highly organic soils Pt — — — —

5-4



SOURCE: LAMBE & WHITMAN; p. 37

Relative Desirability for Various Uses

Rolled Earth Dams Canal Sections Foundations Roadways

Homo-
geneous

Embank-
ment

Core Shell

Erosion

Resist-

ance

Com-
pacted

Earth

Lining

Seepage

Important

Seepage

not

Important

Fills

Frost

Heave

not

Possible

Frost

Heave

Possible

Sur-

facing

— 1 1 — i 1 1 3

— — 2 2 ... ... 3 3 3 ...

2 4 ... 4 4 i 4 4 9 5

1 1

3

if

3 1 2 6 5 5 1

gravelly

4

if

6

7

if

2 2 2 4

gravelly gravelly

8

if

5

erosion

5 6 4

4 5 — gravelly critical 3 7 o 10 6

3 2 — 5 2

6

erosion

4 O 7 6 2

6 6 — — critical 6 9 10 ii —

5 3 ... 9 3
7

erosion

5 10 9 7 7

8 8 — — critical 7 11 11 12 —

9 9 — —
8

volume

change

8 12 12 13 ...

7 7 10 critical 9 13 13 O —

10 10 10 14 14 14 ...— — — — — — — —
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TABLE 5-4 SOIL CLASSIFICATION AND ENGINEERING USE CHART [5-1]

SOIL
GROUP
SYMBOLS

GENERAL IDENTIFICATION OBSERVATIONS
AND TESTS
RELATING TO

MATERIAL IN PLACE

PRINCIPAL
CLASSIFICATION

VALUE AS
FOUNDATION

WHEN NOT SUBJECT
TO FROST ACTION

MAJOR DIVISION
SOIL GROUPS &

TYPICAL NAMES DRY
STRENGTH

OTHER PERTINENT
EXAMINATIONS

TESTS ON
DISTURBED SAMPLES

GW
We II -graded gravel and

gravel -sand mixtures;

little or no fines.

None

Gradation, Grain shape.

Sieve analysis Excellent

Gravel &
Gravelly

Soils

GC
Well-graded gravel-

sand -clay mixtures;

excellent binder

Medium
to

High

Gradation, grain shape

binder examination,

wet & dry

.

Dry unit weight or

void ratio; degree of

compaction;

cementation;

durability of grains;

stratification and

drainage

cliaracteristics;

groundwater

conditions; traffic

tests; large-scale

load tests; or

California bearing

tests.

Sieve analysis, liquid

and plastic limits on

binder

Excellent

GP
Poorly graded gravel &
gravel -sand mixtures;

little or no fines.

None

Gradation, grain shape.

Sieve analysis

Good to

Excellent

Coarse

GF

Gravel with fines, very

silty gravel, clayey

gravel, poorly graded

gravel -sand -clay mixture

Very

slight

to

high

Gradation, grain shape,

binder examination,

wet & dry.

Sieve analysis, liquid

and plastic limits on

binder if applicable

Good to

Excellent

Grained

Soils SW
Well-graded sands &
gravelly sands; little

or no fines

.

None
Gradation, grain shape.

Sieve analysis

Excellent

to Good

Sands &
Sandy

Soils

SC
We II -graded sand -clay

mixtures; excellent

binder

Medium
to

high

Gradation, grain shape,

binder examination,

wet & dry

.

Sieve analysis, liquid

and plastic limits on

binder if applicable

Excellent

to Good

SP
Poorly graded sands;

little or no fines .

None Gradation, grain shape.

Sieve analysis

Fair to

Good

SF

Sand with fines, verv

silty sands, clayey

sands, poorly graded

sand -clay mixtures.

Very

slight

to

high

Gradation, grain shape,

binder examination,

wet & dry

.

Sieve analysis, liquid

and plastic limits on

binder if applicable

Fair to

Good

Fine-

grained

soils

having

low to

med ium

compress-

ibility

ML

Silts (inorganic) and

very fine sands, Mo,

rock flour, silty or

clayey fine sands with

slight plasticity.

Very

slight

to

medium

Examination wet

(shaking test and

plasticity).

Dry unit weight,

water content,

and void ratio.

Consistency

Sieve analysis, liquid

and plastic limits,

if applicable

Fair to

Poor

Fine-

Grained

Soils

(containing

CL

Clays (inorganic) of

low to medium plastic-

ity, sandy clays, silty

clays, lean clays.

Medium
to

high

Examination in

plastic range

.

remoulded

.

Stratification.

Root holes

.

Fissures, etc.

Liquid and plastic

limits

Fair to

Poor

OL
Organic silts and

organic silt-clays of

low plasticity

.

Slight

to

medium

Examination in

plastic range, odor.

groundwater con-

dition. Traffic

tests, large-scale

Liquid and plastic limits

from natural condition

and after oven-drying

Poor

no coarse

grained

material) Fine-

grained

MH
Micaceous or diatoma-

ceous fine sandy and

silty soils; elastic silts.

Very

slight

to

medium

Examination wet

(shaking test and

plasticity).

California bearing

tests, or compres-

sion tests

.

Sieve analysis, liquid

and plastic limits if

applicable

Poor

having

high

compress-

ibility

CH
Clays (inorganic) of high

plasticity; fat clays.
High

Examination in

plastic range.
Liquid and plastic limits Poor to

very poor

OH
Organic clays of medium

to high plasticity.
High

Examination in

plastic range, odor.

Liquid and plastic limits
from natural condition and

after oven-drying Very poor

Fibrous organic soils

with very high compress-

ibility .

Pt
Peat and other highly

organic swamp soils.

Readily

identified

Consistency,

natural water
texture and

content

Extremely

poor

LEGE

C - Clay, plastic-inorganic soil. L -

F - Fines, material *=0. 1 mm. M-
G - Gravel, gravelly soil. 0 -

H - High compressibility

ID FOR SOIL GROUP SYMBOLS
Relatively low to medium compressibility. P

Mo, very fine sand, silt, rock flour. Pt

Organic silt, silt clay or clay. S

W

Poorly graded

.

Peat, highly organic fibrous soil.

Sand, sandy soil.

Well graded

.
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SOURCE: SEELYE; p. 9-12, 9-13

VALUE AS *+

WEARING SURFACE
POTENTIAL
FROST
ACTI0N +

SHRINKAGE
EXPANSION
ELASTICITY

DRAINAGE
CHARACTER-

ISTICS

COMPACTION SOLIDS AT OPTIMUM
COMPACTION

u, Ib./cu. ft.**

e. Void Ratio

CALIFORNIA BEARING
RATIO FOR COMPACTED

AND SOAKED
SPECIMEN

COMPARABLE
GROUP IN

PUBLIC ROADS
CLASS. (P.R.A. )

WITH DUST
PALLIATIVE

WITH BITUMINOUS
SURF. TREAT.

CHARACTERISTICS
& EQUIPMENT

F air to None to Almost— Excellent, u >125
Poor Excellent very slight none Excellent Tractor e < 0.35 >50 A-3

Very Practically Excellent, u >130
Excellent Excellent Medium slight impervious Tamping Roller e < 0.30 >40 A-l

Poor to None to Almost Good, u >115
Poor Fair very slight none Excellent Tractor e <0.45 25-60 A-3

Poor to Fair to Slight to Almost Fair to Good Close Control u >120
Good Good medium none to practically Essential, Rubber Tired e < 0.40 >20 A-2

slight impervious Roller, Tractor

None to Almost Excellent, u >120
Poor Good very slight none Excellent Tractor e < 0.40 20-60 A-3

Very Practically Excellent, u >125
Excellent Excellent Medium slight impervious Tamping Roller e < 0.35 20-60 A-l

None to Almost Good, u >100
Poor Poor very slight none Excellent T ractor e < 0.70 10-30 A-3

Poor to Poor to Slight to Almost Fair to Good, Close Control u >105
Good Good high none to practically Essential, Rubber- e < 0.60 8-30 A-2

medium impervious Tired Roller

Medium to Slight Fair to Good to Poor, Close u >100
Poor very high to medium poor Control Essential,

Rubber-Tired Roller

e < 0.70 6-25 A-4

Poor

Medium to

high Medium
Practically

impervious

Fair to Good

Tamping Roller

u >100
e < 0.70 4-15

A-4
A-6
A -7

Medium to Medium to Fair to Poor u > 90 A-4

Very Poor high high Poor Tamping Roller e < 0.90 3-8 A -7

Medium to Fair to Poor to Very Poor u >100
Very Poor very high High poor e <0.70 < 7 A-5

Practically Fair to Poor, u > 90 A-6

Very Poor Medium High impervious Tamping Roller e < 0.90 < 6 A -7

Practically Poor to Very Poor u >100 A -7

Useless Medium High impervious e < 0.70 < 4 A-8

Fair to C om pa c t iion not Practical

Useless Slight high poor Replace with Compactible Material A-8

NOTES:
* Values are for subgrade and base courses, except for base courses directly under wearing surface.
+ Values are for guidance only. Design should be based on test results.
** Unit weights apply only to soils with specific gravities ranging between 2.65 and 2.75.
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5.2.1 Strength, Compressibility , and Permeability Factors

The strength, compressibility, and permeability of soil affect
their use in civil engineering projects. Cohesionless soils such as
sands and gravels (GW and SW, Table 5-3) display relatively high shear
strength, high permeability and low compressibility when compared to
clays (CL) . The relatively high strength of sands and gravels makes
them suitable to support buildings with a minimum of settlement under
the load of the structure. Their high permeability provides good
drainage, both during and after construction. These soils are easy to
place and compact when used as backfill.

Clay soils, on the other hand, are weaker and more compressible
under building loads and have poor drainage characteristics. The low
permeability, however, can be useful when levees or dikes are required
to hold out flood waters.

Typical values of strength, compressibility, and permeability for
rock, sand and gravel, and clay muck are presented in Table 5-5. A
range of values for each parameter is provided for comparison pur-
poses. Laboratory tests should be conducted in order to confirm the
soil properties for use in a specific project.

TABLE 5-5. TYPICAL SOIL PROPERTIES FOR MUCK

Muck Category

Parameter
Rock Sand and Gravel

Clay
(Remolded)

Strength

:

1. Unconfined Compressive Not Not Appropriate 3.5 to 140
Strength; q ,

psi Appropriate (0.25 to > 10 tsf)

2. Angle of Internal 40 to 50
(1)

30 to 45
(1)

22 to 32

Friction <p , degrees

and

o
(1)

o
(1)

Cohesion Intercept, 0 to > 14.0

c, tsf (0 to > 1.0 tsf)

Modulus of Elasticity, E, psi (2) (2) (100 to 400) x %
Compressibility

:

1. Compression Index, C^ , for

Vertical Stress: 10-100 psi 0.01 co 0.03 0.01 to 0.03 0.1 to 0.8
> 200 psi 0.4 ± 0.1 0.4 + 0.1 —

Permeability

:

-3 2 -3 2 —9 ,..“6
1. Coefficient of Permeability 10 to 10 10 to 10 10 to 10

K, cm/sec

Notes: (1) For continuing stresses below 100 psi.

(2) Refer to soil properties, Section 4.
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The basic soil properties are used in engineering analyses to de-
termine the allowable bearing capacity for spread footings and the
vertical settlement under loads, and to analyze slope stability and
drainage problems. In general, cohesionless soils with high values
for the angle of internal friction, develop high values of bearing ca-
pacity, do not settle significantly under load, and remain stable on
steep slopes. For example, the ultimate bearing capacity for a 5 x 5

ft spread footing, founded 4 ft deep, in compacted fills of rock, sand
and clay muck are listed below. These values were calculated in ac-
cordance with the classical method of bearing capacity analysis shown
in Figure 5-1.

Ultimate Bearing Capacity (tsf)

Assumed Strength Parameters

<j), degrees

C, tsf

Rock

>20

40

0

Sand

6.2

30

0

Clay

4.7

22

0.1

The design of a spread footing foundation must account for bearing
capacity and settlement. This simple calculation illustrates that
both rock muck and sand muck are more desirable than clay since rock
and sand muck have higher bearing capacities. A discussion of settle-
ment analysis methods is beyond the scope of this report. However, a
settlement analysis would indicate that rock or sand muck is still
preferred over clay muck because (1) under the same loading, sand and
rock settle less than clay and (2) sand and rock settle more rapidly
under the same load than clay.

The engineering properties of tunnel muck can be used to deter-
mine the potential for utilization of the material in a civil engi-
neering project. The parameters can either be evaluated from labora-
tory tests on representative samples or, in some cases, determined
from field tests. A common field test is the plate bearing test,
which is used to confirm in-situ bearing capacity. It is preferred
that field tests be conducted on a test section which simulates the
design condition. It is unlikely, however, that a test section could
be prepared prior to the start of production tunneling, due primarily
to the scope of work involved. Preliminary decisions can be made to
indicate the general suitability of the material. In this latter
case, the laboratory testing program would provide the data for the
decision making process. Therefore, prediction of engineering proper-
ties of muck will depend principally on laboratory testing of small
volumes of material.
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Values for N & N Values for N
c q

Bearing Capacity Factors versus Angle of Internal Friction

where

Unit weight of earth = y
Unit shear resistance, S-c + crtan<£

and the ultimate bearing capacity, q, per unit area is given by:

continuous footing: q = cN
c

B
+ Y — N +

2 y
YEUN
' f q

square footing: q = 1.3 cN + 0 . 4 y
c

N + Y D rN
y f q

circular footing: q = 1.

3

cN
c + 0.3Y N + Y D^.N

Y f q

FIGURE 5-1. BEARING CAPACITY FACTORS FOR SHALLOW FOUNDATIONS
SOURCE: TERZAGHI & PECK;

[4-2]

p. 222

5.2.2 Engineered, Compacted Fill

Soil and rock materials used to support structures or construct
significant earthwork structures, such as earth dams, must be placed
in a manner which assures the quality of the end product. The term
"engineered, compacted fill" designates that the placement of mate-
rials conforms to engineering design, control, and construction meth-
ods. Tunnel muck with appropriate engineering characteristics can be
used in engineered, compacted fill (or structural landfills).

Structural landfills are costly because only select materials can
be used and because the material must be placed in thin layers and
thoroughly compacted. In general, a structural landfill would only be
constructed at a site for which specific development plans have been
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formulated and only if the developer is paying for delivery of the
fill and placement costs. In this case, the compressibility of the
fill would be reduced and the strength increased as much as practi-
cable in a short time so that the proposed construction could begin
immediately.

A recent survey of engineering practice in the New England area
indicates that engineered, compacted fill has performed satisfactorily
[5-2]. After constructing a compacted fill, either to raise the grade
or to replace unsuitable materials, the building foundation can be
constructed at nominal depths.

The construction of an engineered, compacted fill requires proper
design and construction procedures. Specifications for engineered,
compacted fill projects generally establish the requirements for: (1)
acceptable materials, (2) method of placement, and (3) percent compac-
tion or density criteria. Certain types of muck satisfy the criteria
presented in the following paragraphs.

5. 2. 2.1 Material Specifications

Materials used in engineered, compacted fill must satisfy grada-
tion and general descriptive requirements. To meet the descriptive
requirements, borrow material must generally consist of sound, hard,
durable mineral aggregate free of ice, snow, frozen or organic soil,
elastic or deleterious foreign matter (such as metallic debris), and
that it must be properly graded to permit satisfactory compaction.
These requirements are supported by gradation or engineering property
specifications depending on the regional nature of the soils.

For example, gradation specifications appropriate to the New Eng-
land area are illustrated in Figure 5-2. The materials normally con-
sist of bank-run sandy gravel or gravelly sand obtained from gravel
pits or borrow areas. Note that the specifications require that less
than 10 percent of the borrow consist of silt or clay. Compressible
clayey or silty soils, which are also susceptible to frost penetration
problems, are not acceptable.

The soil conditions in Georgia, on the other hand, are different
from those in New England, and engineering practice reflects the dif-
ference. Residual soils composed of angular sands and friable sand
clays are available and therefore are utlized in compacted fill pro-
jects. Volume change criteria resulting from clays must be consider-
ed. Table 5-6 indicates the soil classifications and properties used
in highway construction in Georgia.

An inspection of the gradation curves for rock, sand and clay
muck indicates the following trends:

a. Drill and blast rock muck is too coarse. The voids between
large rock blocks could result in unacceptable settlement.

b. TBM rock muck generally meets the gradation specifications.
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c. Sand and gravel muck also meets gradation requirements,
certain fine sand mucks are acceptable.

The acceptability of muck for use in a particular project depends
on the local material specifications and the results of laboratory
tests conducted to determine engineering properties of the muck. The
results of a thorough engineering analysis, however, may even prove
that, in special cases, rock muck could be utilized in engineered,
compacted fill. Two and three story buildings in Binghamton, New York
were satisfactorily supported on rock fill [5-2].

Raw muck could also be processed in order to satisfy the grada-
tion specifications. Methods of sorting, screening, washing and
crushing are described in Section 5-4.

GRAIN SIZE DISTRIBUTION

COBBLES
GRAVEL SAND

COARSE
]

FINE COARSE MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U. S ARMY

Symbol Source

Massachusetts Highway Specification, Section
Ml. 03.0 [5-3]

Haley & Aldrich, Inc., File No. 3555 [5-4]

FIGURE 5-2. GRADATION SPECIFICATIONS FOR ENGINEERED, COMPACTED
FILL IN NEW ENGLAND
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TABLE 5-6. GEORGIA HIGHWAY SPECIFICATIONS - PROPERTIES OF ROADWAY
FILL MATERIALS [5-5]

SECTION 810.

ROADWAY MATERIALS

810.01. Roadway Materials: Materials for roadway construction shall not contain any

logs, stumps, sod, weeds, or other perishable matter.- They are divided into six major

classes, and Classes I, II and III are further subdivided and are identified by descrip-

tion and physical property requirements as specified in Table 810-1. Classes IV, V and VI

are identified by descriptive requirements.

A. CLASSES

Class I. This class consists of well-graded, angular sands, and friable sand clays.

Class II. This class consists of well to poorly graded sands and clay soils with low

volume change properties.

Class III. This class consists of low density, poorly graded sands; clay soils with

high plasticity and volume change properties; disintegrated rock which is easily broken

down during manipulation; and low~density, inorganic soils.

Class IV. This class consists of highly organic soils or peat, muck and other unsatis-

factory soils generally found in marshy or swampy areas.

Class V. This class consists of shaly materials which are not only finely laminated but

have detrimental weathering properties and tend to disintegrate.

Class VI. This class consists of rock or boulders which cannot be readily incorporated

into the embankment by layer construction, and which contain insufficient material to fill

the interstices when they are placed.

B. TESTS : Methods of tests shall be in accordance with the following:

Soil Gradation GHD: 4

Volume Change GHD: 6

Maximum Density GHD: 7

TABLE 810-1

PHYSICAL PROPERTIES OF MATERIAL PASSING

NO. 10 SIEVE

Class No. 60

Sieve
% Passing

No. 200
Sieve
% Passing

Clay
%

Volume
Change
%

Maximum
Dry Density
lb/ft 3

I-A 15-85 0-35 0-16 0-10* 100+

I-B 15-85 16-45 16-30 0-12* 110+

II-A 0-45 0-16 0-10* 95+

II-B 0-55 16+ 0-15* 100+

III-A 0-75 0-25 90+

III-B 0-50 80+

III-C 0+ 80+

*Note

:

Class I or II soils having total volume change exceeding 8.0%

with swell greater than 2/3 of the total volume change will be classi-

fied as III-A

.
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5. 2. 2.

2

Method of Placement

In order to obtain satisfactory long-term performance, the fill
materials must be placed in horizontal layers, typically 8 to 12 in.
thick, and rolled or compacted by construction equipment. Methods of
compaction are described in subsequent sections of this report.

During the placement operation, oversized materials or debris can
be removed from the fill. "Rock rakes" fitted to bulldozers are often
used. Standard construction equipment can be used to compact tunnel
muck

.

5.2.2.

3

Compaction or Density Requirements

In order to produce adequate strength and minimize settlement,
the fill must be compacted to a specified density which varies for
each soil material. Two criteria are used to obtain satisfactory
density: (1) a minimum number of passes of specified compaction
equipment and/ or (2) a minimum density expressed as a percentage of a
laboratory maximum dry unit weight. The number of passes of equipment
is usually established from a trial or test section where soil
densities are measured. Control of field work by this procedure is
applicable if the fill material does not vary significantly in
gradation or compaction characteristics.

The combination of a minimum number of coverages and a density
requirement enables better control over the construction process.
This procedure is better suited to muck utilization since the ad-
vancing tunnel excavation penetrates varying soil and rock deposits.
Usually the fill must be compacted to a minimum density of about 95
percent of the laboratory maximum dry unit weight. A discussion of
the test procedure is presented in other sections of this report.

5.2.3

Controlled Fill

Controlled fill is loosely defined as soil and rock materials
placed to construct a stable embankment or soil structure conforming
to design requirements. The controls on material quality and compac-
tion for controlled fill are not as restrictive as the requirements
for engineered, compacted fill for support of structures. Examples of
uses for controlled fill are construction of highway and railway
embankments, backfill around structures and in trenches, parking lots,
and restoration of gravel pits and quarries.

The applicability of controlled fill can be determined, in part,
by assessing the consequences of excessive settlement, swelling or
other "failure" of the earthwork structure. For example, failure of
an earth dam would be a major catastrophe and therefore the dam must
be built as an engineered-compacted fill. Settlement of a highway em-
bankment, on the other hand, could produce a crack or bump in the
pavement which would be uncomfortable but not catastrophic. However,
continual maintenance of a highway pavement can be an expensive pro-
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cess and therefore a certain degree of control is necessary during
construction of the embankment.

Controlled fills usually provide satisfactory support for minor
structures, parking lots, utilities and roadways. For structures,
differential settlements are greatly reduced and damage will be mini-
mal even if the total settlement is still quite large. Parking lots
built on controlled fill are firm and stable and relatively free of
potholes and puddles. Utilities remain intact and do not break in the
ground or at the point of connection with structures. Controlled
fills for roadway embankments have been used for years as designers
try to balance cuts and fills using the material available along the
line of the highway. Most state department of public works have de-
veloped specifications relative to acceptable construction procedures
for controlled fills.

5.2. 3.1 Materials

Acceptable soil and rock materials for controlled fills can be
characterized as natural, inorganic, soil or rock free of deleterious
substances such as logs, stumps, frozen soil, ice and other unaccep-
table materials.

Highway embankments are usually constructed from materials ob-
tained from "cut" sections of the roadway alignment. Thus blast rock
and various soil deposits are utlized, reducing or eliminating the
need to import expensive borrow materials. Of the available mate-
rials, the poorest quality materials are placed in the deepest por-
tions of the fill, and the best materials are used at the top of the
embankment.

All classes of tunnel muck (i.e., rock, sand, and clay) are suit-
able for most controlled fill projects. Naturally, the better quality
materials are suitable for more projects. Since materials such as
blast furnace slag may be satisfactory for controlled fill [5-6]

,

tun-
nel muck must also be considered as a realistic source for controlled
fill materials.

The screening or sorting of debris from the fill is required, but
not to the same extent as for an engineered, compacted fill. Items
such as large timbers and trash must be removed, but broken concrete
and steel reinforcing bars are not detrimental to the overall perfor-
mance of the fill. (Refer to subsequent sections for a discussion of
muck processing.)

5. 2. 3.

2

Method of Placement

Specifications generally require that materials used in con-
trolled fills be placed in horizontal layers and rolled or compacted
by construction equipment. The thickness of the layer is dependent
upon material gradation and intended use. For example, blast rock
used in highway embankments may be placed in layers several feet thick
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and compacted by heavy duty equipment. Backfill next to a building or
pipeline usually requires 6 in. thick layers and compaction by light-
weight, hand operated, equipment. Maximum particle size may be res-
tricted to less than 3 in. in these close compaction quarters. TBM
muck would satisfy the maximum particle size for the latter case.

5.2. 3.3 Compaction and Density Requirements

Vertical or lateral movements of controlled fills are not criti-
cal since major catastrophes are not involved. Compaction require-
ments are therefore * less stringent than those required for engineered,
compacted fill. Where a structural fill requires minimum field den-
sities of about 95 percent of the laboratory maximum density, a con-
trolled fill generally requires only 90 to 92 percent.

Backfilling of quarries or sand and gravel pits is not critical.
Therefore, compaction requirements may be stated as only a few pas-
sings of a bulldozer or equivalent equipment. Layer thickness may al-
so be increased to several feet.

If the landfill area will eventually be used to support struc-
tures, it is economical to place the fill with sufficient compactive
effort to eliminate future settlement problems. There are methods
available, however, which can be utilized to improve the engineering
properties of soil deposits for all types of project sizes. A com-
plete discussion of these methods, including soil stabilization, vi-
broflotation, and grouting, is contained in Section 5.5 of this re-
port.

5.2.4 Uncontrolled Fill

General landscaping, site grading activities, backfilling of
basements from demolished structures, and construction of surcharges
fall into the category of uncontrolled fill. No significant controls
are placed on the filling operations with respect to either types of
material or their method of placement. The sign advertising "Solid
Fill Wanted" typifies this category of earthwork construction. Most
tunnel muck, including tunneling debris and possibly rubble from de-
molition work, ends up in an uncontrolled or miscellaneous fill.

Clay-based miscellaneous landfill is usually highly compressible
and has very low strength. Sand and gravel-based miscellaneous land-
fill has highly variable properties: dense, strong areas beneath haul
roads, and loose, weak zones elsewhere. The loose areas are compres-
sible and possibly subject to liquefaction. Rock-based miscellaneous
landfill can be composed of very large particles enclosing voids which
result in localized sink holes as cover materials wash down into the
voids

.

Although miscellaneous uncontrolled landfills are convenient for
the hauling contractor and may save money for the project under con-
struction, it is difficult to plan for their future utilization. The
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engineering properties and the problems associated with future con-
struction on a miscellaneous landfill cannot be evaluated in any prac-
tical way. The strength, compressibility, and permeability of the de-
posit cannot be predicted.

For developers who measure the total cost of a site as the cost
of the land plus the cost of foundation construction, a miscellaneous
uncontrolled landfill can result in significant cost increases even if
the site needs to be filled and the miscellaneous fill is delivered
free of charge.

Despite these difficulties, miscellaneous landfills may be suit-
able for parks and parking lots. Even though sidewalks and pavements
crack, and sink holes and large puddles develop, immediate availabili-
ty of the fill may overshadow these disadvantages.

5.2.5 Surcharging

A surcharge is a temporary fill constructed above the proposed
site elevation in order to precompress and strengthen the underlying
soils. Ideally, this method improves the soil sufficiently so that
deep foundation support becomes unnecessary. At the very least, it
greatly improves the performance of shallow foundations, paved areas,
and utility corridors. This improvement of subsoil performance makes
the site more valuable by decreasing foundation and future maintenance
costs. This increase in value is usually enough to offset the cost of
handling the surcharge [5-7].

Almost any soil material can be used in a surcharge although sta-
ble, inorganic soils are preferred. Organic, clayey and highly com-
pressible soils are difficult to handle and can lead to stability
problems while the surcharge is in place. These soils can be used for
surcharging, however, if they are readily available and allowance for
reasonable contingencies relative to their use does not increase the
cost beyond that for more satisfactory surcharge materials.

Forming a surcharge is not a true utilization of tunnel muck
since the surcharge itself will eventually have to be removed if the
site is to be utilized. Surcharging does, however, provide excellent
temporary storage for muck until it can be used more profitably else-
where. In particular, the muck might be reused as backfill on por-
tions of the transportation system where the muck was produced in the
first place. This sequence of events is an excellent example of low-
cost muck utilization with limited impact on the environment.

5.2.6 Sanitary Landfill

Sanitary landfills are used by many urban areas for waste dispo-
sal. Although a complete discussion of sanitary landfill technology
is beyond the scope of this report, a brief description will serve to
demonstrate how muck can be utilized in such an operation. Figure 5-3
shows a typical landfill operation where the trash delivered each day
is covered by inorganic soil to form a cell. Cell construction
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continues each day until a lift is formed from the cells and until the
entire site is filled with lifts. At that time, the final cover layer
is placed, graded and seeded.

The advantages of treating solid wastes in this manner are numer-
ous. Foremost is the elimination of air pollution from open burning
and decomposition. The disadvantages associated with sanitary land-
fills are the inability to obtain suitable large disposal sites in the
vicinity of urban areas and the lack of good cover material. Unfor-
tunately, as an urban area becomes larger, the amount of solid wastes
increases and the amount of available land decreases. These two fac-
tors combine to make the operation of a sanitary landfill relatively
expensive for most large urban areas.

Tunnel muck can be used to overcome the problem of obtaining
cover material. Although almost any inorganic soil can be used for
cover material, some soils are more suitable than others. Clayey
soils provide good moisture barriers but have poor traf ficability

.

Sandy soils provide good traf ficability and allow gases to escape, but
are not as good for fire control. In general, well-graded sandy soils
with fines are the best cover materials. Clayey soils can be used at
specific locations for moisture and gas control. Boulders should be
avoided because they are difficult to compact. Table 5-7 summarizes
the suitability of different kinds of cover material.

The volume requirements for cover material in a sanitary landfill
can be estimated using simple formulas. In general, cover material
is used in the ratio of approximately one cu yd of fill to three or
four cu yd of waste material. For a typical sanitary landfill hand-
ling 1500 cu yd of trash per day, approximately 400 to 500 cu yd of
cover material per day are needed.

FIGURE 5-3. TYPICAL SANITARY LANDFILL CELL
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TABLE 5-7. REQUIREMENTS FOR SANITARY LANDFILL COVER MATERIALS [5-8]

SOURCE

:

BRUNNER & KELLER; p. 14

Function
Clean
gravel

Clayey-
silty

gravel

Clean
sand

Clayey-
silty
sand

Silt Clay

Prevent rodents from
burrowing or tunneling

G F-G G P P P

Keep flies from emerging P F P G G Et

Minimize moisture enter-
ing fill

P F-G P G-E G-E Et

Minimize landfill gas

venting through cover
P F-G P G-E G-E Et

Provide pleasing appear-
ance and control blowing
paper

E E E E E E

Grow vegetation P G P-F E G-E F-G

Be permeable for vent-
ing decomposition gas§

E P G P P P

*

E, excellent; G, good; F, fair; P, poor.

^Except when cracks extend through the entire cover.

§
Only if well drained.

5.3 SPECIALIZED USES OF TUNNEL MUCK

Many specialized uses of tunnel muck are possible with only mo-
derate processing. For clay-based muck, the possibilities include
fired clay products such as brick, clay pipe, and lightweight aggre-
gate, and as a raw material in the manufacture of Portland cement.
Sand and gravel-based muck can be used in highway and airfield sub-
bases, concrete, and bituminous pavement. Crushed stone can be used
for all of the sand and gravel uses, as well as macadam and railroad
ballast for which an angular material is preferable. Blast rock can
be used for river riprap and shore protection. The production of loam
is also possible from certain types of tunnel muck.

A summary of the major problems associated with specialized uti-
lization of tunnel muck is given below, so that specialized uses can
be considered in a realistic framework:

a. Tunnel and trucking contractors, the traditional muck hand-
lers, do not have the expertise or capital to establish a specialized
processing plant for refinement of muck. Outright disposal is often
easier and cheaper for them.
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b. Construction schedules do not allow time for complicated
processing. Valuable material is stockpiled, and stockpiling becomes
the method of disposal for the tunnel contractor.

c. An expensive processing operation must be capitalized for
extended periods of time and needs a continuous and long-term supply
of raw materials. Tunnel muck is usually not supplied continuously,
and the duration of supply is certainly limited.

d. Raw material cost is very often less important than raw
material quality in complicated manufacturing processes, and quality
of tunnel muck cannot be assured.

e. Processors find that the debris in muck is an expensive
nuisance.

5.3.1 Fired Clay Products

Because of its low cost, ease of handling and molding, and abili-
ty to harden when heated, clay has been used for centuries to make
bricks, tiles, pipes, and cooking and eating utensils. In many coun-
tries, clay products are still produced by simple hand methods as they
have been for centuries. More developed countries use modern, high-
capacity processing equipment. Clay muck is a potential source of raw
clay material.

Briefly, the manufacturing process involves mixing clay with
other soils and chemicals to form a uniform, plastic mass and molding
it into desired shapes. After molding, the clay is dried and then
heated in a carefully controlled sequence in large kilns for periods
of up to one week and at temperatures as high as 2200°F. This pro-
cess, called firing, causes the clay to fuse and harden into a solid
material

.

Fusing of the clay actually takes place in three different stages
of temperatures, the ranges of which change somewhat depending on the
type of clay. The first stage occurs in a temperature of approximate-
ly 1800°F and is called incipient fusion. During incipient fusion the
clay is completely dehydrated and oxidized to become a strong, hard
mass with low absorbency. Many fired clay products, such as bricks,
are not fused beyond this stage. If the temperature is increased to a
range of 1800 to 2200°F, vitrification takes place. Vitrification
results when the bond between clay particles breaks down and new,
stronger bonds within the mass are formed. Clay pipe and ceramic tile
are typical vitrified clay products. As the temperature is increased
above 2200 °F the clay enters the stage called viscous fusion which is
characterized by melting of the clay. Viscous fusion is not part of
fired clay processing because it represents a destructive stage of
clay fusion in which the molten clay will not hold a shape and becomes
very brittle upon cooling.

Although most clays harden when heated, it is difficult to select
a clay that will withstand processing and produce a high quality
finished product. Successful processing requires good workability.
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low shrinkage, and the absence of impurities harmful to the dryers and
kilns. High quality finished products have high strength and predict-
able shade and color.

The most fundamental properties of clay relative to fired clay
processing are plasticity, shrinkage, tensile strength and fusibility.
Each of these must be carefully analyzed to determine if a clay is
suitable for production. Most clays are not entirely satisfactory,
and production trade-offs are necessary to obtain the most economical
procedures. Highly plastic clays, for example, improve workability
but also result in the largest amount of shrinkage upon drying.

Plasticity is defined as the ability of a material to deform un-
der the application of pressure and to retain the deformed shape when
the pressure is removed. For engineering purposes, all clays exhibit
plasticity by definition. A highly plastic clay will remain plastic
throughout a broad range of water contents and will impart plasticity
to other soil types even if the clay makes up only 20 to 25 percent of
the total weight of the mixture. Low plasticity clays are avoided for
fired clay production because they either liquefy or crumble within a
small range of water content and greatly restrict workability. Clays
with extremely high plasticity, like montmorillonite , are also avoided
in fired clay production because they require large quantities of
water to produce a plastic mass and shrink four to five times as much
during drying as other clays. Small amounts of montmorillonite are
sometimes used as an additive to improve workability of other clays.

Shrinkage is a very important characteristic of any clay material
being used for fired clay products. Both the total amount of shrink-
age and the potential for differential shrinkage must be evaluated.
Total shrinkage generally ranges between 5 and 15 percent of the ori-
ginal volume of the mold. Compensation is provided by adjusting the
size of the molds or machine dies.

Differential shrinkage is caused primarily by nonuniformity in
the original mix and by uneven heating during firing. Nonuniformity
in the mix results if the clay type or water content varies within a

batch. Thorough blending is necessary. Differential shrinkage can
also be caused between batches if the natural clay deposit is erratic
or if quality control during batching is poor.

Tensile strength and fusibility are interrelated in that the
strongest final product must be produced for the least expenditure of
time and material. High tensile strength minimizes warping and crack-
ing during processing and breakage during shipment of the finished
product.

Another important aspect of the suitability of clay for fired
clay production is an analysis of impurities. All clays contain "im-
purities" such as iron, magnesium, potasium and lime. Many of the me-
tal ions serve as fluxing agents by lowering the fusion point. Iron
is particularly important because it greatly influences the final
color. If iron is present in amounts greater than four percent of the
total weight, the final product will be red. Other impurities, such
as alkali, leave deposits inside the dryers and kilns which require
repeated equipment cleaning.

5-21



As a result of the complexity of the process, manufacturers are
most concerned about the quality and reliability of the raw clay in-
gredients. Tunnel muck can rarely meet these two critical require-
ments .

5.3.2 Lightweight Aggregates

A variety of methods exist today for the production of light-
weight aggregate. Blasting of volcanic deposits produces a natural
lightweight aggregate, usually exhibiting very low strengths, which is
suitable for use in insulating concrete or concrete for masonry units.
The method most applicable for the utilization of tunnel muck involves
the expanding, or bloating, of certain clays, shales, or slates. This
type of synthetic aggregate can be used in concrete for structural
members. Standards have been established for the various types of
lightweight aggregate under the following ASTM Designations:

Standard Specification for
ASTM Designation Lightweight Aggregates for:

C330 Structural Concrete [5-9]

C331 Concrete Masonry Units [5-10]

C332 Insulating Concrete [5-11]

The production of lightweight aggregate involves the heating of
the raw material (clay, shale, or slate) to incipient fusion, usually
from 1800°F to 2200°F, at which point bloating takes place. The
bloating action requires the occurrence of two simultaneous condi-
tions. First, the raw material must reach the proper pyroplastic con-
dition to be able to expand without rupture or subsequent collapsing.
Second, the raw material must generate gas at the proper time and in
the right amount. The resulting cellular structure is then cooled and
further processed.

No clear cut relationship seems to exist between the bloating
potential of a raw material and its physical or chemical properties.
The formation of a pyroplastic condition depends strictly on tempera-
ture. The expulsion of gas by the raw material is produced by a re-
duction of iron oxide and a liberation of sulfur dioxide, carbon mon-
oxide, and carbon dioxide from the chemical elements within the bloat-
ing material [5-12]

.

The most basic and perhaps simplest method to determine the po-
tential utilization of tunnel muck as a bloating material is to per-
form a test run in a small stationary kiln that closely simulates the
heating schedule and kiln atmosphere. Materials which do not bloat
may be improved by blending them with a bloating material or by adding
relatively cheap materials which contain the needed gas forming or
fluxing compounds. These additives contain compounds of iron, sulfur,
carbon, alkali and alkaline earths. Fluxes containing sodium or po-
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tassium (e.g. feldspar) are excellent compounds which can keep a mass
highly viscous at the time of gas expulsion. Carbonaceous materials
help expand the range of vitrification by lowering the melting point
of the raw material.

Lightweight aggregate properties are largely dependent on the raw
materials used and the manufacturing process. The most desirable ag-
gregate properties are listed below [5-13]

.

a. They should be uniform in composition and properties.

b. They should be suitably graded for their intended use, and
the desired grading should be maintained.

c. They should have a low specific weight to provide a worth-
while saving in weight of the structure, and the desired special prop-
erties associated with lightweight, such as high thermal insulation.

d. They should have a large number of small, well dispersed
internal voids, but should have a minimum number of large external
voids that have to be filled with mortar or paste.

e. Individual pieces should have adequate strength and should
be firm and hard enough to withstand handling and mixing without
breaking down in size.

f. The particles must bond well with the cement paste and must
not react chemically with cement or reinforcing steel.

g. They should have good resistance to weathering, moisture,
insects, and fungi.

Some typical properties of all types of lightweight aggregate are
listed in Table 5-8. An important criterion to be met in the produc-
tion of lightweight aggregate is uniformity. A prime cause of non-
uniformity is differences in sources of the raw material. It may
therefore be necessary, in addition to the removal of obvious undesir-
able material such as metal, rock chunks, and wood pieces, that clay
tunnel muck may require a second screening process to further purify
the raw material.

In addition, lightweight aggregate should be free of:

a. Materials reactive with alkalies in cement

b. Unhydrated pieces of hard burned lime or magnesia

c. Calcium sulfate or unstable iron compounds

d. Organic impurities

e. Unburned clay particles

f. Other foreign materials which adversely affect desirable
properties such as appearance
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TABLE 5-8. PROPERTIES OF LIGHTWEIGHT MINERAL AGGREGATES [5-13]

Crushing
Specific Bulk Absorption

,

strength
Aggregate weight, lb. speci fic percent by at 2 in.

per cu. ft. gravity weight compaction
psi

Exfoliated vermiculite 0-12 0.9-1.

3

20-35 35-45

Expanded perlite 4-16 0. 7-1.1 10-50 60-400

Expanded slag 30-70 1.2-2.

4

5-25 150-2000

Expanded
slate

shale, clay.
35-75 1.1-2.

2

5-20 2000-16,000

Sintered fly ash 40-60 1. 7-2.1 8-15 1000

Purnice 25-60 1.0- 1.7 8-50 1000-2000

Based largely on information provided in "Lightweight Aggregate Con-

cretes" issued in August, 1949 by Housing and Home Finance Agency.

SOURCE: WASHA; p. 379

5.3.3 Portland Cement

Muck from either soft ground or hard ground tunneling operations
may be used in the manufacture of Portland cement provided the neces-
sary chemical compounds are present in the desired proportioned
amounts. The muck or raw material must supply one or more compounds
containing lime, silica, or alumina. Common sources for lime are na-
tural calcareous deposits such as limestone, marine shells, marl and
chalk. The siliceous or argillaceous compounds can be obtained from
deposits of clay, shale, slate, and sand. A few special materials,
such as argillaceous limestone, commonly called "cement rock", contain
combinations of all three compounds. In some instances where a par-
ticular raw material may lack any of the required compounds, supple-
mental materials of suitable composition may be used to adjust the raw
mix.

In addition to lime, silica, and alumina, most of the above-
mentioned materials contain additional substances such as iron, mag-
nesium, alkalines and phosphates. Iron helps to control the amount of
by-product formed during some of the chemical reactions. It also acts
to lower the fusion point of some reactions. The grayish color of
most portland cements is a direct result of the presence of iron.

The remaining additional substances, if present in large enough
quantities, may have deleterious effects on the finished product. On
occasion, a special preliminary process may have to be employed in the
overall manufacturing process to regulate the presence of some of
these substances.
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The manufacture of Portland cement begins when the raw materials
are brought to the plant, subjected to preliminary treatment, such as
washing, screening, and crushing, and placed in separate storage bins.
After a complete chemical analysis, the raw materials are then pro-
portioned together so that the finished product will consist of the
desired chemical composition. Typically, the Type I Portland cement
contains 60-66 percent lime, 19-25 percent silica, 3-8 percent alum-
ina, 1-5 percent iron, 0-5 percent magnesia, and 1-3 percent sulfur
trioxide.

Grinding and blending of the raw materials can be accomplished
either in a dry process or a wet process. In both processes, the raw
materials must be finely ground and well mixed to ensure a complete
reaction between all compounds during processing.

The next procedure involves burning of the blended raw materials
in rotary kilns. The inclination and rotation speed of the kiln con-
trol the rate at which the material passes through the kiln. The tem-
perature gradually increases to a range of from 2500 to 2900°F, at
which point the mix fuses into small lumps, called clinker, ranging in
size from 1/16 to 1 or 2 in. in diameter.

After the clinker is cooled, it is mixed with 4 to 5 percent by
weight of a calcium sulfate mineral, usually gypsum, and then ground
extremely fine. The gypsum helps to control the setting time of ce-
ment as it is mixed with water.

Samples of tunnel muck, or samples obtained during the explora-
tion program would have to be evaluated by a particular manufacturing
agency in order to determine the acceptability of the muck as a raw
material

.

5.3.4 Portland Cement Concrete Aggregates

Aggregates for Portland cement concrete are divided into two gen-
eral categories: (1) coarse aggregate and (2) fine aggregate. Coarse
aggregate consists of crushed rock, crushed stone, crushed slag, or
other approved material such as lightweight aggregate. Fine aggregate
consists of natural sand or manufactured sand-crushed rock. Tunnel
muck is a potential source for each type of aggregate. Also, since
concrete aggregates are normally processed material, i.e. crushed,
screened and washed, the construction debris normally found in muck
can be easily removed. If tunneling or excavation for structures will
pass through a geologic deposit such as sound rock or sand and gravel,
then samples of the materials should be tested to determine their
suitability for aggregates.

Acceptability tests conducted on aggregates include: gradation,
silt content, presence of organic or other undesirable material,
soundness, resistance to abrasion, chemical reaction, and petrographic
analysis [5-15]. The general purpose of the tests is to determine
that the aggregates consist of clean, hard, strong and impermeable
particles, resistant to wear and frost, and free from deleterious
amounts of organic matter, loam, clay, salts and weak grains. Also
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coarse aggregate should not be long and thin, and sand particles
should be nearly spherical and should have gritty surfaces. The test
procedures established in standard specifications, such as ASTM or
AASHO , have been generally adopted. These tests or specification li-
mits may be modified slightly to account for local practice. For ex-
ample, the Massachusetts highway specifications establish a maximum
loss by the Los Angeles Abrasion Test at 42 and 30 percent for two
concrete classes, while Georgia uses 45 and 45 to 65 percent for two
classes

.

Typical gradations for coarse and fine aggregate are shown in
Figure 5-4. All types of rock and coarse sand muck can be processed
simply by washing and screening to meet the gradation requirements.
Thus, provided the muck satisfies abrasion, soundness, chemical and
other requirements, little work remians to produce a useful product.
The tests, such as chemical and abrasion tests, can be completed on
soil and rock samples obtained during the subsurface exploration pro-
gram.
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In a recent addendum to the ASTM specifications for aggregate
(ASTI1 C33), the gradation requirements for fine aggregate have been
relaxed, provided the aggregate satisfies all other criteria and a
test specimen of concrete exhibits the required strength. This flexi-
bility allows wider utilization of materials but requires more plan-
ning and engineering evaluation. In general, new sources of concrete
aggregate must be carefully analysed for both physical and chemical
acceptability in Portland cement concrete. It is for this reason that
concrete processors may be reluctant to change aggregate sources once
they have established a reliable source.

5.3.5 Bituminous Concrete Aggregate

Asphalt paving mixtures may be produced from a wide range of ag-
gregate combinations. The primary constituents besides asphalt are
(1) coarse aggregate, (2) fine aggregate, and (3) mineral dust. Fig-
ure 5-5 contains some typical gradations of these constituents. Loads
applied to the pavement by vehicle tires are carried by the framework
of the stone or aggregate, which is held in place by the binding
action of the asphalt. The suitability of aggregates for use in
paving is determined by gradation, resistance to abrasion, soundness,
cleanliness and purity, flat and elongated particles, surface
properties and internal friction. Tunnel muck which meets the speci-
fied limits is an ideal source for paving aggregates, particularly
since much of the initial crushing is completed during tunneling.
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Standard gradation specifications have been established (ASTM
D692), but variations from the standards are usually permitted pro-
vided the change can be justified [5-15]. One reason for altering the
mix is to produce a dense aggregate gradation with a minimum of voids.
This improves strength and minimizes the volume of asphalt. Also,
local aggregates which do not meet all tests may still be used based
on local experience, as indicated below:

"Special Local Aggregates. There are a number
of local types of aggregate which often do not pass
the standard tests but which make excellent asphalt
mixtures because of certain inherent qualities. In
areas where aggregates meeting standard tests are
scarce, it often will be possible to use
substandard materials if experience has shown them
to be satisfactory or where research and testing
warrant such use [5-16]."

The rock muck produced by a TBM operating in the Washington METRO
was used for bituminous concrete aggregates. A detailed discussion of
the material quality and its use is contained in Section 2 of this re-
port. In order to utilize the muck, the processor had to screen out
oversized rock, remove metallic and other types of debris, and crush
the remaining material to a maximum particle size of 1-1/2 in. The
crushing was required in order to eliminate the long, thin rock par-
ticles which are characteristic of TBM muck.

Additional crushing of rock muck or screening of sand and gravel
muck can also produce acceptable fine aggregate. Natural sand depo-
sits are the primary sources of fine aggregate. Once again, the mate-
rial is screened and washed so that any construction debris would be
removed.

Samples of the soil and rock deposits which will be excavated
during construction can be obtained during the subsurface exploration
program and tested for characteristics such as abrasion and chemical
activity. Once the primary method of excavation has been determined,
particularly for rock excavation, then estimates can be made of the
amount of crushing or processing needed to produce an acceptable ag-
gregate. Local processors can then be contacted to further evaluate
the use or applicability of the muck aggregate in local pavement mix-
tures .

5.3.6 Pavement Base Course and Subbase Course

Crushed rock, crusher-run stone, crushed slag or cinders, or
other processed materials are often required as a base course beneath
pavements. In heavy duty highway pavements, the material must consist
of hard durable stone which will not break up with repeated cycles of
wetting and drying or freeze-thaw. Also as a result of the kneading
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action of wheel loads transmitted through the pavement to the base
course the material must meet abrasion and soundness requirements sim-
ilar to the requirements for bituminous concrete pavement aggregates.
The gradation limits are wider in order to allow utilization of lo-
cally available materials. Typical base course gradations are shown
in Figure 5-6. Tunnel muck which meets the basic chemical and sound-
ness tests is an ideal source for base course materials.

Local gradations and materials used for parking lot and driveway
base course may have less stringent requirements, appropriate for
light duty traffic. In these cases, TBM muck may be suited for direct
use in the pavement structure.
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5.3.7 Railroad Track Ballast

Railroad ballast is a high quality structural material. Some of
its more important functions are listed below:

a. Distribute loads uniformly to the in-situ soils
b. Support the track structure (ties and rail) with a minimum

of settlement and deflection
c. Provide good drainage for the track structure
d. Minimize dust
e. Prevent the growth of brush and weeds
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In view of its importance, ballast is typically made from the
highest quality materials available. Crushed stone is preferred be-
cause of its higher strength yielding increased frictional resistance
and interlocking. Ballast generally varies in size from 0.5 in. A
typical ballast section varies in thickness from 12 to 30 in. Soft,
friable and deleterious materials are not permitted.

Since ballast must be a processed material, rock muck represents
an ideal source. TBM muck normally contains long, thin rock particles
which may require secondary crushing to produce the desired shape.
Drill and blast muck would certainly require additional crushing. In
both cases, however, the initial crushing or blasting has been com-
pleted during tunneling, thus reducing the remaining processing work.

5.3.8 Miscellaneous Uses

Several general uses for tunnel muck include slope protection,
riprap, filler materials for gabions, and ingredients in loam. The
details or specifications for each of these uses would have to be es-
tablished to fit the needs of each project. Some general guidelines
are given below:

5. 3. 8.1 Slope Protection

Crushed stone or screened stone has been used to stabilize earth
slopes where drainage or erosion problems have developed. Screening
of TBII or sand and gravel muck produces a coarse, free draining aggre-
gate which is suitable for slope protection. In some highway applica-
tions, a green bituminous asphalt has been sprayed on the aggregate to
provide interlocking and weed control and to blend the color with the
typical green grass slope environment.

Aggregates have also been used as slope protection in drainage
ditches and small streams not subject to intensive scour or wave ac-
tion. These applications would depend on an analysis of the indivi-
dual conditions [5-17].

5 . 3 . 8 . 2 Riprap

Riprap consists of large blocks of blast rock weighing up to 500
lb per block. The stone material is generally coarse, yet must be
graded so that voids do not develop between major blocks. Voids would
allow wave action to erode the underlying soils.

Drill and blast muck from large excavations might produce the re-
quired large, coarse rock needed for riprap. Tunnel work generally
produces smaller blocks since muck handling becomes a restrictive
problem. Rock muck has been successfully used as riprap in the Staten
Island, Dew York, area and to repair sections of Rock Creek in
Washington DC

.
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5. 3. 8.

3

Gabions

Gabions are wire mesh boxes typically 4 x 1.5 x 1.5 ft which can
be filled with stones and wired together to produce retaining walls or
slope protection along water courses. Generally, the stones are li-
mited to the maximum size that can be handled by manpower. TBM muck
or screened drill and blast muck meet the general requirements.

5.

3.8.4

Loam

Loam, as defined by the U.S. Department of Agriculture, is a com-
bination of sand, silt and clay particles and does not contain organic
materials. Specifically, the sand content varies from 25 to 52 per-
cent by weight of the total sample, the silt content varies from 28 to
40 percent, and the clay content varies from 8 to 27 percent. Varia-
tion in these quantities outside the limits given above produces a
soil such as sand loam, silt loam, or clay loam. All loam, as de-
scribed above, provides an excellent soil base for plant growth.

It is important to note that the addition of organic soil to loam
is not essential to plant growth although it is sometimes helpful.
Organic soil is basically a soil conditioner rather than a fertilizer.
It improves workability, moisture retention, and aeration, and can
contribute to a favorable chemical environment.

Loam production is a feasible application for tunnel muck. One
processor in the Washington D C area, combined concrete sand with
silt and clay by-products from a screening and washing process, to
produce a very useful loam. Combination of this material with readily
available peat, muck or sewage sludge also provides a useful commodi-
ty.

5.4

GENERAL IMPROVEMENT TECHNIQUES FOR TUNNEL MUCK

The concept of improvement of tunnel muck includes all processes
whereby the raw excavated material is altered either physically or

chemically permitting it to be utilized in a more productive or spe-
cialized manner. The intended use of the muck controls both the par-
ticular method and degree of improvement. For example, debris may
have to be removed from certain tunnel muck utilized for construction
of landfill areas if it is intended to drive piles or install sand

drains; on the other hand, very little debris may have to be removed
if surcharging is used to stabilize the landfill.

Basic muck improvement techniques which may be easily implemented
by the tunneling contractor involve sorting, crushing, screening, and

washing. In many instances, it may be to the contractor's advantage
to improve the muck characteristics by any of these methods in order
to produce a more valuable commodity for commercial sale. All of the

improvement techniques are applicable to rock, and sand and gravel-
based muck, whereas sorting and possibly screening may be used to im-

prove clay-based muck.
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Methods for improving landfill areas composed of tunnel muck are
described in Section 5.5. These improvement methods are in common use
but generally require the services of a specialty contractor. Some of
these methods, such as surcharging, however, can be implemented by the
tunneling contractor.

5.4.1 Sorting

One of the most basic improvement techniques involves the remo-
val, or sorting out, of unwanted materials from the raw muck. This
unwanted material represents the debris portion of the muck (e.g.
wood, steel, cement bags) . Sorting of debris is quite often an essen-
tial step either for preparing the muck for processing through crush-
ers or for utilizing the muck in a controlled type of filling opera-
tion.

Sorting methods can be divided into three types: (1) manual re-
moval, (2) magnetic removal, and (3) mechanical separation.

Manual removal of material is probably the most effective means
of sorting, but is also the most time consuming. Almost all types of
debris can be removed by this technique. The operation can consist of
a dozer operator assigned to rummage through the muck pile and pick up
large, heavy debris pieces that could not otherwise be handled by man-
power. Manpower can be employed to remove small debris pieces. De-
bris can be stockpiled and either removed to an appropriate disposal
area or recycled. Depending on the magnitude of the sorting task, any
number of dozers and manpower can be employed.

Separation of debris at the tunnel heading is an effective method
of providing uncontaminated muck. However, the conditions at the
heading, particularly in a drill and blast operation, are not condu-
cive to sorting of small objects such as blasting wire and stemming
materials. Cardboard boxes, cement sacks, drill rods, and discarded
reinforcing bars can be set aside in a disposal container mounted on
the drill jumbo. This effort would greatly improve the muck quality.

Magnets can be an effective means to remove metallic objects.
Such a device, for example, can be mounted on a conveyor belt used to
transport the muck. However, the magnet would be virtually useless in
attempting to remove metals covered by several feet of soil or rock.

Mechanical separation devices such as the one illustrated in Fig-
ure 5-7 are a third type of sorting technique, and are best suited for
removing wood and other types of lightweight materials from sand and
gravel sized muck. Materials having a specific gravity less than 1.6
can be easily removed from sands and gravels which commonly have
higher specific gravities, in the range of 2.6 to 2.65 [5-18], Clay
and silt size muck, which tends to stay in suspension in water, would
be difficult to sort using the separation device.

Operation of the separation device shown in Figure 5-7 involves
feeding the muck to a perforated plate by way of a conveyor belt. The
feeding is arranged to spread the muck into a thin blanket of material
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across the plate. Water, which is continuously circulated in a clock-
wise direction, travels upward through the holes in the plate, carry-
ing away the lighter materials permitting the heavier materials to
fall off the end of the steeply sloped plate. The cycle is completed
by recirculating the water and directing the debris material through
an exit for removal. The excavated material, cleaned of debris, falls
to a storage bin below the separator.

FIGURE 5-7. MECHANICAL SEPARATION DEVICE [5-18]

SOURCE: TAYLOR; p. 10

5.4.2 Crushing

Excavated rock, sand, and gravel that is oversized for a particu-
lar use can be reduced in size by processing the material through a
crusher machine. Crushing is also an effective means to alter rock
texture from smooth to angular.

The crushing characteristics of rocks are related to their fab-
ric, grain size, grain shape, orientation, interlocking of particles,
and packing. These characteristics control the ease with which crush-
ing occurs and the shape, size and texture of the finished product.
For example, a rather dense rock with tight grain interlocking usually
produces a competent crushed stone material of a suitable size and
hardness. On the other hand, a rock structure which has a rather weak
grain interlocking is easy to crush, but the final product shows ex-
cessive granulation. Many of the crushing characteristics mentioned
can be determined by microscopic observation of an intact rock sample.
After establishing as many crushing characteristics as possible an es-
timate can then be made of the feasibility of producing, for example,
a suitable crushed stone product.
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Crushers are generally classified according to the stage of
crushing which they accomplish as primary, secondary, and tertiary.
Some common types of crushers and their uses are given below:

Primary Crushers

Jaw

Gyratory

Hammer Mill

Secondary Crushers

Cone

Roll

Hammer Mill

Tertiary Crushers

Roll

Rod Mill

Hammer Mill

The jaw crusher is one of the most widely used primary crushers.
It consists of two jaws, one stationary and the other movable. The
crushing action is developed when the movable jaw swings towards the
stationary jaw. The distance between the two jaws reduces from top to
bottom and the crushed stone travels downward under the influence of
gravity until it is finally small enough to exit through the bottom
opening. This device is particularly efficient for extremely hard
rocks

.

The gyratory crusher consists of a heavy cast iron frame with a
vertical central shaft which carries a truncated cone. As the shaft
and crushing head rotate, the eccentric support at the base of the
shaft causes a gyrating motion to occur. The crushing action of the
gyratory crusher does not vary much from the jaw crusher. Some addi-
tional bending stresses are imparted to the rock from the curved liner
plates and truncated cone crushing part. There is also a greater
grinding effect in the gyratory crusher due to the freedom of movement
of the particles within the truncated cone.

Cone crushers are very similar to the gyratory crushers with the
following exceptions:

a. Shorter cone

b. Smaller receiving opening

c. Rotates at higher speeds (430-580 rpm)

d. Produces more uniform material

The hammer mill is an impact type of crusher. The main parts
consist of a housing frame, a horizontal shaft extending through the
housing, a number of arms and hammers attached to a spool which is
mounted on the shaft, and a series of grate bars through which the
crushed stone falls. As the stone enters the mill, it is crushed
first by the hammers which travel at high speed, and second, by being
forced against the breaker plates.

Roller crushers are of two general types, single roll and double
roll. The single roller is generally considered a primary crusher.
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The slug roller is a device with a set of projected slugs or teeth ex-
tending from the roller which bite into the rock and provide a hammer
type action against the rock on the curved plates opposite the roller.
The single roller crusher is generally used on softer rock such as
limestone when it is desired to make a maximum single reduction with
one machine.

Double roller crushers consist of two rollers placed side by side
which travel in opposite directions (toward each other). The maximum
sized stone that can be fed into a double roller crusher is basically
controlled by the distance between the two rollers and the diameter of
the rollers [5-191.

Both the rod mill and ball mill are used to produce fine aggre-
gate such as sand. These devices are almost always used after a stone
has been suitably crushed through other devices. In the rod mill,
long small diameter rods are placed inside a mill which rotates
slowly. The tumbling action of the rods produces the desired grinding
effect. A ball mill is basically the same set up except steel balls
replace the rods.

5.4.3 Screening

The screening process enables the separation of a material into
different small size ranges. This operation permits the fabricating
of a particular sized material which, for example, meets a required
gradation specification. The screening process is also an integral
part of the many crushing operations described previously providing a
means for selectively removing certain stone sizes from the crushing
cycle

.

Screens are primarily a criss-crossed arrangement of strands,
usually wire. A variation of the screen known as a grizzle is a ser-
ies of parallel bars equally spaced. Screens are generally designated
by the size of the openings. Screen openings greater than 3/8 in. are
generally designated by the actual size of the opening (i.e. 1/2 in.,
2 in., 4 in. etc.). For openings less than 3/8 in., a mesh number is
assigned to the particular size opening. Table 5-9 gives two differ-
ent screen classification systems.

After a material has been screened it is commonly referred to as
undersized material if it passed through the screen openings, and
oversized if it was retained on the screen. For example, material
passing the 1/2-in. screen is designated -1/2 material (undersized)

,

and material retained is designated +1/2 material (oversized)

.

Two basic types of screens are in common use today, revolving and
vibrating. Revolving screens are generally cylindrical in shape and
have their longitudinal axis set at a small angle usually not more
than 10 degrees. As material is fed into the revolving screen, the
slow rotating action aids the screening process.
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The vibrating screen is a flat screen usually set into a steel
frame capable of holding more than one such screen. The screens are
vibrated by means of an eccentric shaft, a counterweight shaft, or an

electromagnet directly attached to the frame or to the screens. The
screens are usually positioned at a slight angle and are set up in a

multi-deck unit with openings arranged progressively smaller from top
to bottom.

TABLE 5-9. SCREEN CLASSIFICATION SYSTEMS [4-1]

SOURCE : LAmrsE
; p . 31

Tyler Standard U.S. Bureau
Standards

of

Wire

Mesh
Opening Diameter,

Mesh
Opening

Number in

.

mm in

.

Number in. mm

3.0 76.2 0.207 . . 4.00 101.6

2.0 50.8 0.192 2.00 50.8

1.050 26.67 0.148 1.00 25.4

0.742 18.85 0.135 0.750 19.1

0.525 13.33 0.105 0.500 12.7

0.371 9.423 0.092 • • 0.375 9.52

3 0.263 6.680 0.070 3 0.250 6.35

4 0.185 4.699 0.065 4 0.187 4.76

6 0.131 3.327 0.0 36 6 0.132 3. 36

8 0.093 2.362 0.032 8 0.0937 2.38

9 0.078 1.981 0.033 10 0.0787 2.00

10 0.065 1.651 0.035 12 0.0661 1.68

14 0.046 1.168 0.025 16 0.0469 1.19

20 0.0328 0.833 0.0172 20 0.0331 0.840

28 0.0232 0.589 0.0.25 30 0.0232 0.590

35 0.0164 0.417 0.0122 40 0.0165 0.420

48 0.0116 0.295 0.0092 50 0.0117 0.297

60 0.0097 0.246 0.0070 60 0.0098 0.250

65 0.0082 0.208 0.0072 70 0.0083 0.210

100 0.0058 0.147 0.0042 100 0.0059 0.149

150 0.0041 0.104 0.0026 140 0.0041 0.105

200 0.0029 0.074 0.0021 200 0.0029 0.074

270 0.0021 0.053 0.0016 270 0.0021 0.053

400 0.0015 0.038 0.001 400 0.0015 0.037
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5.4.4 Washing

It is sometimes necessary to remove a film of material from the
muck prior to final processing. When excavating a glacial till ma-
terial, for example, clay or silt films commonly occur by adhering to
the larger granular sized particles. Excavation of rock by tunnel
boring machines often produces a slurry material which can leave a
film on the rock pieces. A film can also result during the crushing
process when dust size particles coat the crushed rock. These films
are particularly harmful when the rock is to be used for concrete ag-
gregates in which a good bond is required between aggregate and ce-
ment.

A common procedure for washing involves jet sprays which direct
water over a thin bed of material. This procedure is oftentimes per-
formed in conjunction with the screening operation. The terms 'dry
screening' or 'wet screening' are often used to further describe the
type of screening operation utilized. While not the primary use, the
separation technique illustrated in Figure 5-7 can also be employed as
a method of washing.

5.5 METHODS TO IMPROVE ENGINEERING PROPERTIES OF LANDFILLS

As indicated in previous sections of this report, tunnel muck is
suitable for use in landfill projects. In order to safely support
structures, suitable muck and proper methods of placement are required
to complete a landfill area. Several techniques presently used in the
foundation construction industry can be applied to improve unsatisfac-
tory landfill areas. The improvement methods have been developed to
accomplish one or more of the following:

a. Improve soil shear strength

b. Reduce potential settlement under load

c. Secure a more watertight condition

Almost all the methods involve some form of material compaction.

The remainder of this section describes some of the various
techniques available for improving landfill areas consisting of tunnel
muck.

5.5.1 Improvement Methods Applicable to All Types of Muck

5. 5. 1.1 Compaction

The primary objective of compaction is to increase soil density,
i.e. weight per unit volume. The mechanism of compaction involves the
reduction of void ratio by one or more of the following methods: (1)

reorientation of the particles, (2) fracture of the grains or bonds
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between them, followed by reorientation, and (3) bending or distorting
of the particles and their absorbed layers [5-20]. Compaction of
granular materials is generally accomplished by reorientation of the
grains which is resisted by the friction between particles. Fine-
grained soils undergo both a reorientation and a distortion process
which break down the attractive cohesion forces acting between par-
ticles .

The addition and removal of water is an effective means for aid-
ing the compaction process. For fine-grained soils water reduces par-
ticle cohesion, while in granular soils water tends to reduce the
capillary tension between particles, thus decreasing the friction
forces. Water also acts as a lubricant between particles, particular-
ly in granular soils, permitting higher densities when the water-soil
mixture is compacted. Figure 5-8 shows a typical relationship between
moisture content and density.

The maximum density occurs at a point corresponding to the opti-
mum moisture content. When water is added beyond the optimum moisture
content, the water begins to separate the soil particles, thus de-
creasing density. The zero air voids line (ZAV) , or 100 percent sa-
turation line, represents the limit for any point on the moisture
content-density curve.

The density versus moisture content curve can be determined in
the laboratory [5-21], Density is commonly expressed as dry unit
weight. Some typical laboratory moisture content-density curves for
various soil types are given in Figure 5-9.

These laboratory curves can be used to numerically evaluate the
amount of compaction obtained in the field. Contract documents us-
ually specify the degree of field compaction by designating that a
particular minimum percentage (e.g. 95 percent) of laboratory dry unit
weight must be obtained. The following percentages of laboratory dry
unit weights, determined by ASTM D1557, are generally recommended for
various uses:

Use
Percent of Laboratory

Dry Unit Weight

Airfields 100

Structural fill for
support of buildings 95

Parking lot areas 92

Subgrade 85 - 90
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Compaction techniques can be divided into two basic groups: (1)

surface compaction methods and (2) compaction at depth . The objec-
tives are similar for both, but the techniques differ. Compaction at
depth is primarily an in-situ technique to be applied to a large soil
mass; surface compaction is concerned with densifying relatively small
layers of soil as they are being placed. Methods for compaction at
depth, such as vibrof lotation, blasting, and compaction piles are
discussed in subsequent parts of this section. The remainder of this
section contains descriptions of surface compaction methods.

FIGURE 5-8. TYPICAL DENSITY VERSUS MOISTURE CONTENT CURVE

5-39



0 5 0 10.0 15 0 20 0 25 0 30 0

MOISTURE CONTENT, Wn ,
%

Note: All tests by ASTM 1557-64T, Method C for Curve 1, Method A
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FIGURE 5-9. LABORATORY DENSITY VERSUS MOISTURE CONTENT CURVES FOR
VARIOUS SOIL TYPES [5-22]

SOURCE: HOUGH; p. 512
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5. 5. 1.2 Surface Compaction Methods

The process of surface compaction consists of placing a desig-
nated thickness of material over an area and then applying a compac-
tive effort to obtain the desired material density. As a general
rule, the cost of placing and compacting the soil decreases as lift
thickness increases. In this respect it is more economical to use the
maximum practical lift thickness. Since a definite density gradient
can be expected within a lift, the thickness of the lift depends
largely on obtaining a certain minimum density throughout the entire
lift. In addition, the particle size of the material used for com-
pacting influences the lift thickness. It would be unsatisfactory to
specify an uncompacted lift thickness of 8 in. if the maximum size of
the material being used is 10 or 12 in. An uncompacted lift thickness
of 8 in. is generally specified in order to obtain high-density re-
quirements, i.e. greater than 95 percent compaction.

There are four basic methods available for compacting soils:
kneading action, static weight, vibration and impact. Several ma-
chines are available which utilize one or more of these methods. Some
of the common types of machines are tamping rollers, smooth-wheel
rollers, pneumatic tired rollers, vibrating rollers, self-propelled
vibrating plates, manually propelled vibrating plates, and manually
propelled compactors. The particular method, machine, and procedure
to be used largely depends on the soil type being compacted. Table
5-10 can be used as a guide to determine the most suitable surface
compaction method for various soil or muck types.

In general, vibratory compaction methods are used on granular
soils [5-23]. Under vibration, the particles shift their position and
the soil mass becomes denser. D'Appolonia reports that lift thick-
nesses over 5 ft may be compacted when using heavy vibratory units
[5-24].

Tamping rollers are of the sheepsfoot type or some modification
thereof. The roller consists of a hollow steel drum with an arrange-
ment of projecting steel feet. The weight of the unit can be varied
by adding water or sand to the drum. The roller, either self-pro-
pelled or towed by a tractor, moves over the surface. Initially the
feet penetrate the entire lift thickness producing a kneading action
and a pressure sufficient to compact the soil. Compaction of the lift
proceeds from the bottom to the top at which point the feet are
"walking" on top of the compacted lift. This device is a popular ma-
chine for compacting clay-based materials.

Modifications of the sheepsfoot roller are the segmented pads or
grid. The modifications describe the configuration of the projecting
feet from the drum.

The smooth wheel rollers are generally classified by type or
weight. On many construction sites, any vehicle having sufficient
weight, such as a 10-wheel dump truck or traxcavator can be employed
for compaction purposes. As in all of the compaction machines, a sys-
tematic compactive effort consisting of a designated lift thickness
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compacted by a certain number of coverages by the machine, produces
best compaction results.

Another common compaction machine which employs a kneading action

is the pneumatic roller. This machine takes advantage of the heavy

static machine weight and the high tire-to-ground contact pressures.

TABLE 5-10. SUITABLE TYPE OF COMPACTION FOR DIFFERENT SOIL GROUPS
T 5-24

1

1 J SOURCE: BROMS & FORSSBLAD

Type of compaction equipment

Rock
fill

Sand

and

gravel

Silt, silty soils

clayey sand and

clayey gravel

Clay

Well- Uniformly

graded graded

a)

Silty

sand,

silty

gravel

Silt,

sandy

silt,

clayey

sand,

clayey

gravel

Low or

medium

strength

b)

High

strength

Static smooth-wheel rollers

3-15 tons - X X X X X -

2)
Vibrating smooth-wheel rollers ,

3-5 tons X X X X X X -

2)
Vibrating smooth-wheel rollers

10-15 tons X X X X X _ X

Vibrating plate compactors,

0. 1-0.5 tons - X X X X - -

Vibrating tampers, rammers,

0.05-0.1 tons - X X X X X X

2)
Rubber-tired rollers ,

10-50 tons - X X X X X -

2) 3)
Sheepsfoot rollers ,

5-30 tons - - - - X X X

2' 3)
Pad-type rollers

,

5-30 tons - X X X X X X

2;
Grid-type rollers

,

5-15 tons X X X X X X -

Crawler tractors, 10-30 tons X X X
c)

X
c)

X
c)

:<
-

LEGEND

1) Self-propelled a) Self-propelled rollers often do not have sufficient traction on

uniformly graded sand and gravel.

2) Tractor-drawn or self-propelled b) Crawler tractors are often used at high water contents and very

low strength.

3) Static or vibrating c) Compacted at higher water content than the optimum water content

determined by Proctor compaction tests.

x can often be used

x recommended
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5. 5.1. 3 Surcharging

Almost every type of compressible soil including all types of
tunnel muck can be densified by a static weight. When a temporary
static weight (expressed as a weight per area or unit load) exceeds a
final design unit load, the excess unit load represents a surcharge.
Figure 5-10 illustrates this concept. Placement of the surcharge load
for a sufficient length of time ensures that the underlying soils have
been stressed to a level higher than that expected from the final per-
manent loading. Newmark and others [5-25] have developed theoretical
equations and design charts for determining the extent of stress in-
crease at various depths resulting from a surface loading. As the re-
sult of surcharging, settlements of the area caused by the final de-
sign load will be less severe.

The surcharge load must therefore be left in place long enough to
allow sufficient consolidation or compression of the underlying soft
soils. This time factor is a function of the rate of consolidation
which is dependent on the soil permeability, thickness of compressible
layer, and the location and size of drainage paths. Terzaghi and Peck
[4-2] give a detailed explanation of the theory of rate of consolida-
tion applicable to all soil types.

In concept, as loads are placed on a compressible soil, excess
pore pressure in the pore water develops and with time this excess
pressure dissipates, accompanied by consolidation. Coarse-grained ma-
terials can dissipate the excess pore pressure relatively fast due to
the large pore spaces between grains. On the other hand, fine-grained
soils dissipate the excess pore pressure at a much slower rate. The
time required to consolidate fine-grained soils can be reduced by in-
stalling sand drains or artificial drainage channels in the soil.

Methods available for applying the static weight force to the
compressible soil include earth fills, water loading by tanks, ground
water lowerinq, anchors or jacks, and vacuum methods. Depending on
the strength of the compressible soil, the loading may be applied in-
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stantaneously . In some instances, quick loading on very weak soils
may cause serious stability problems and may even result in the for-
mation of mud waves [3-32]. This problem can usually be avoided by
implementing a phased loading program. Placing of a portion of the
final load permits the soil to gain strength by consolidating after
which additional portions of the surcharge may be applied. The pro-
cedure is repeated until the complete surcharge load has been reached.

Design of a surcharging program requires the determination of the
final surcharge load and the period of time for the surcharge to re-
main in place. In addition to defining the vertical and horizontal
limits of the compressible soil, its physical characteristics, such as
permeability, and consolidation, must be obtained. The amount of time
needed for the surcharge to remain in place can be estimated from
theory of consolidation and from methods of analysis developed for
surcharging with sand drains [5-26].

Field monitoring of the consolidation process is an effective
means for controlling the length of time the surcharge should be left
in place. This typically involves the installation of settlement
platforms (or points) placed prior to the surcharge load. Such de-
vices are usually placed at the top of the compressible soil, but for
thick layers, internal devices are commonly installed. A continuous
plot of settlement versus time during surcharge load can be used to
help determine the actual time for removal of the surcharge.

Three case studies utilizing surcharge as a densification method
can be found in an article by Johnson [5—26]

.

5. 5. 1.4 Soil Stabilization

The process of improving a soil's physical and/or chemical prop-
erties is known as soil stabilization. Soil stabilization methods in-
clude compaction, drainage, surcharging, and protection of the surface
from erosion and moisture infiltration. In more recent years,
however, soil stabilization has more often referred to soil improve-
ments which alter the soil material by changing its composition.

The particular type of soil and its deficiencies determine both
the mode and degree of alteration. All of the methods, however, are
related to improving strength, compaction, and/or permeability. Soil
stabilization methods can be divided into two categories: mechanical
stabilization and stabilization by additives (usually chemicals)

.

Mechanical stabilization is the improvement of a soil by changing
its grain size distribution (i.e. gradation). This can be accom-
plished by either blending two or more different soil gradations into
one composite mixture or by removing select ranges of particle size
from one soil.

For purposes of mechanical stabilization, soil can be convenient-
ly divided into two different particle size groups. The aggregate
portion consists of predominantly bulky grains typically larger than
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some arbitrary limit (e.g.. Ho. 40 or No. 200 sieve size). The binder
is the finer fraction which includes both small bulky grains and clay
size p£^rticles. The aggregate provides internal friction to the soil
mass which results from the particle to particle contact forces devel-
oped under a normal force. The plasticity of the binder material sup-
plies cohesion and imperviousness to the soil mass. The best binders
are typically finer than No. 40 size with a liquid limit less than 40
percent and a plasticity index (liquid limit minus plastic limit) be-
tween 5 and 15 percent [5-20] . liontmorillonite clays should be avoid-
ed as a binder due to their swell potential and extreme frost suscept-
ibility .

The engineering performance of a mechanically stabilized com-
pacted soil can be determined by adjusting the relative proportions of
aggregate and binder. The optimum material is obtained when a suffi-
cient amount of binder exists to completely fill the voids without
destroying the grain- to-grain contact of the aggregate particles. A
soil almost completely free of binder will be relatively incompressi-
ble and free from frost susceptibility; however, it will have a high
permeability. Added amounts of binder material, which can fill the
void spaces, will decrease permeability but will also slightly in-
crease compressibility and frost susceptibility. The binder material
also increases the bulk unit weight of the soil mass. Too much binder
material can result in a sharp drop in internal friction and a small
increase in cohesion, but can cause much greater compressibility and a
potentially serious problem with frost susceptibility.

A number of methods can be used to determine the optimum design
of a mechanically stabilized soil. Probably the most convenient me-
thod involves duplication of a particular gradation curve on which
past performance records have been established. One disadvantage of
this method of design is that the standard curves do not consider the
effects of grain shape or the volume of water absorbed by the binder
material. A more rational design method involves separating the ag-
gregate and binder portions of the soil and compacting them separately
to determine the volume of voids in the compacted aggregate and the
density of the compacted binder. The mix can then be proportioned
such that the total binder (from all ingredients) is from 75 to 90
percent of that required to fill the voids. Typically, the maximum
strength can be obtained with a minimum of 20 to 27 percent of total
binder. This minimum amount is usually less than that required to ob-
tain maximum density [5-2 0] .

Three types of mechanical stabilization methods are described in
a text book edited by Leonards [5-27] : (1) addition of binder to grav-
el for road construction, (2) addition of material to reduce permea-
bility, and (3) removal of fines from gravel. This book also includes
some standard gradation curves that have been developed by AASHO.

The most common application for soil stabilization by additives
has been to improve soils for highway and airfield pavements. Common
additives include cement, bitumen, lime, salt, chloride, lignin and
chrome-lignin. Additives may be used in almost any type of soil, but
certain additives are more suitable for some soils than for others.
For example, lime is best suited for stabilizing fine-grained soils.
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In most cases, large bulky materials, such as blasted rock, which can
have particle sizes over 12 in. cannot be stabilized by additives.

The design process typically consists of the following steps: (1)
select stabilizer, (2) determine the amount and method of application,
and (3) determine the amount of soil to be stabilized. Design charts
are available for determining the type and amount of additive to be
used. In many instances the performances of trial mixes may have to
be verified in the laboratory to help in the final selection of a
design mix. The laboratory test program should simulate the field
conditions as accurately as possible.

Construction techniques, while they may differ slightly for vari-
ous additive types, generally consist of the following steps: (1)
preparation of the soil subgrade, (2) addition of water and additives
to the soil, (3) mixing, (4) spreading and compacting, (5) finishing,
and (6) curing.

Addition of water and additives to the soil (step 2) and mixing
(step 3) are the field procedures which can have the greatest effect
on the performance of the final stabilized soil. Design is based on
an accurate measure of the various soil additive materials. Consis-
tent performance throughout the stabilized soil mass depends on this
fact. Mixing can be difficult, particularly when dealing with fine-
grained soils. Lumping of these materials is oftentimes a problem.
Leonards [5-27] gives some suggestions to improve the mixing process.

The following comments provide general information on the most
common additives used for soil stabilization. References [5-28, 5-29]
should be consulted for more detailed information.

Cement is perhaps the most widely used and cheapest soil stabili-
zation additive. Just as in a concrete mix, the cement acts as a bond
between soil aggregate particles [5-30].

Experience has shown that a well-graded soil having less than 50
percent of its particles finer than a No. 200 sieve (i.e. 0.074 mm)
and a plasticity index lower than 20 percent is the best soil material
for cement stabilization [5-27]

.

The addition of cement to soil will generally have the following
effects

:

a. Increase unconfined compressive strength

b. Decrease soil plasticity

c. Increase durability in feezing and thawing (but mixture
still vulnerable to frost effects)

The amount of cement needed for stabilization depends on the soil
type. Granular materials such as gravels typically require 5-10 per-
cent cement; clays generally need 12 to 20 percent cement. Table 5-11
indicates ranges of unconfined compressive stengths for various soil
types stabilized by 10 percent cement.
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TABLE 5-11. UNCONFINED COMPRESSIVE STRENGTHS FOR VARIOUS SOILS
STABILIZED WITH TEN-PERCENT CEMENT [5-27]

Soils
Compressive Strength

(psi)

1 . Plastic clay, organic soil <50

2. Silt, silty clay, very poorly graded sand,

slightly organic soil
50-150

3. Silty clay, sandy clay, poorly graded sand

and gravel
100-250

4. Silty sand, sandy clay, sand, gravel 250-500

5. Well-graded sand-clay, gravel-sand-clay
450-1,500

mixture, sand, gravel

SOURCE: LEONARD; p. 377

The most widely used bitumens for soil stabilization are (1) as-
phalt and (2) tar. Normally, the straight run asphalt is too viscous
for adequate workability and is made more fluid by (1) heating, (2)

emulsifying in water, or (3) cut-back with a solvent (e.g. gasoline,
naptha)

.

The addition of bitumen can provide one or more of the following
benefits

:

a. Provide stength to clean cohesionless soils which lack suf-
ficient binder material

b. Stabilize the moisture content of fine-grained soils

c. Provide waterproofing to materials having only frictional
strength

Amount of bitumen materials needed for stabilization is generally
less than 10 percent. Three to five percent are required to stabilize
sandy soils, and greater amounts, 6 to 8 percent, are required for
fine-grained materials. Almost any soil mixed with bitumen can be
used for stabilization, but most desirable soils have the following
characteristics [5-27],

a. Maximum particle size less than 1/3 compacted thickness of
the treated soil

b. Greater than 50 percent of the soil particles finer than
No. 4 sieve (4.76 mm)
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c. From 35 to 100 percent of the soil particles finer than No.
4 0 sieve (0.42 min)

d. Greater than 10 percent but less than 50 percent of the
soil particles finer than No. 200 sieve (0.074 mm)

e. Liquid limit less than 40 percent

f. Plasticity index less than 18 percent

Two different mechanisms have been used to describe the stabili-
zation of soils by bitumen: (1) binding soil particles together, or
(2) protecting soil from the deleterious effects of water (water-
proofing) . Cohesionless soils are primarily affected by the first
mechanism, while water sensitive cohesive soils are affected by the
second

.

Hydrated lime is another common soil additive, used quite fre-
quently on fine-grained soils. It is effective in: (1) decreasing
the plasticity index of high plasticity soils, (2) reducing maximum
compacted density with an increase in the optimum moisture content,
and (3) increasing strength. Figure 5-11 shows the effect of lime on
the compaction characteristics of two different clays.

The following case study illustrates the potential use of soil
stabilization methods for improving tunnel muck characteristics.

Open stoping is the anticipated mining excavation method for re-
covering copper-bismuth in the Warrego Mine in Northern Territory,
Australia. In the early 1970's, a laboratory research program was
initiated to investigate the possibility of backfilling the primary
stopes , up to 20 m wide and 150 m high, to enable full recovery of the
ore pillars [5-31]. The laboratory testing program and subsequent
model test program were concerned with mechanical and chemical stabil-
ization of available fill materials to evaluate their suitability as
backfill material. Strength and durability of the stabilized fills
were determined, and model tests helped to determine procedures for
fill placement.

The laboratory program was divided into two parts. First a thor-
ough testing program was conducted to determine the essential chemical
and physical properties of the proposed fills. The following tests
were performed on mine fills that were subjected to mechanical and ce-
ment stabilization:

Physical Tests

Density Determinations

Gradation Analysis

Sedimentation Analysis

Unconfined Compression

Chemical Tests

Water Analysis

Immersion Tests

Tests

5-43



20 22 24 26 28 30 32 34 36 38 40

FIGURE 5-11.

Moisture Content. w
,

%
n

EFFECT OF LIME ON COMPACTION CHARACTERISTICS OF CLAY
[5-27]

SOURCE: LEONARD; p. 399

Mechanical stabilization consisted of either the addition of up
to 10 percent fines or the fractionation and recombination of selected
fractions with the object of increasing the bulk density. Cement
stabilization consisted of treating the mine fills with one of the
following: 4 percent or 2 percent cement, 2 percent cement plus 2

percent tailings, or 2 percent cement plus 2 percent flyash.

The second part of the laboratory program involved a series of
seven model filling tests for determining the effect of moisture con-
tent, grading, and cementation on the performance of the fill.

Two different fill materials, supplied by Peko Mines, were used
in the laboratory program; a sandy gravel called Wisco Gravel, and
Warrego Mine Tailings. Figure 5-12 shows some typical strength data
obtained on the chemically stabilized Wisco gravel.
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FIGURE 5-12. STRENGTH DATA FOR WISCO GRAVEL STABILIZED WITH
FOUR-PERCENT CEMENT [5-31]

SOURCE : INGLES

Seme of the conclusions obtained from the laboratory test program
were

:

a. Mechanical stabilization has little practical value for the
fills tested.

b. Cement stabilized fills must be placed wet.

c. Wet cement fills are best placed at a moisture content wet-
ter than optimum.

d. The maximum strength of wet cement fills occurs over a lim-
ited range of water content.

e. The fill materials need to be of free draining quality.

f. When using wet fill methods, there is no substantial econo-
my of cement usage. It is recommended that a safety factor of five be
used when using conventional laboratory tests of cement-treated fill
to estimate actual fill performance in the field.

g. Untreated dry fill can be used provided that a suitable
side-grouting system can be implemented.
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5.5.2 Improvement Methods Applicable to Coarse-grained Muck

5. 5. 2.1 Vibroflotation

Vibroflotation is a method for compacting in-situ sand and gravel
materials above or below the water table and to depths as great as 70
ft. The technique was introduced into the United States in 1939 after
its first reported use in Russia in 1936.

The vibroflot device is a hollow cylindrical penetrator. One
particular model weighs approximately two tons and measures 6 ft long
by 15 or 17 in. in diameter. The bottom of the vibroflot contains an
eccentric weight capable of operating at 1800 rpm to produce a hori-
zontal centrifugal force of 10 tons. Spouts at the top and bottom
provide for jet water flow. In operation, the vibroflot is usually
hung vertically from a crane.

Figure 5-13 illustrates the vibroflotation technique of sand den-
sification. Briefly, water jets out of the bottom of the vibroflot
faster than it can drain away from the soil. A 'quick' soil condition
results, and the vibroflot can be simultaneously sunk into the soil
until the desired compaction depth is attained. After switching the
water flow to the top jets and reducing the pressure of flow, backfill
material is continuously fed into the vibroflot hole causing water to
flow to the surface. The operation is completed by withdrawing the
vibroflot to the surface, at a typical rate of one foot per minute,
accompanied by the continuous feed of backfill material. The mechani-
cal vibration of the vibroflot and simultaneous application of water
nullify the effective stresses between the soil grains which are re-
arranged unconstrained and unstressed to the densest possible state
[5-32] .

Figure 5-14 shows the range of soil particles most suitable for
densification by the vibrof lotation technique as recommended by the
Vibroflotation Company [5-33]. The sampling of gradation curves pre-
sented previously in this report for TBM, drill and blast, and sand
and gravel muck indicates that a very high percentage of the curves
fall within the limits established in Figure 5-14. It therefore ap-
pears that most granular muck can be improved by vibroflotation
techniques. Actual field tests have shown that vibrof lotation can be
performed on silt and clay materials [5-34] (refer to stone column
method described in Section 5. 5. 3.1 of this report).

In general, vibrof lotation can increase relative density by 20 to
40 percentage points. Allowable bearing pressures can be increased to
2 to 3 tsf [5-35], Figure 5-15 illustrates typical patterns and
spacings of vibroflot holes required to provide a density equivalent
to 3 tsf bearing capacity on 3 to 11.5 ft square footings.

The following empirical rules for design of vibroflot hole spac-
ing were determined from extensive full scale experimentation on gran-
ular soils [5-36].
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the entire depth of soil is compacted

Into a hard core.

FIGURE 5-13. TECHNIQUE OF VIBROFLOTATION [5-33]
SOURCE: VIBROFLOTATION

FLOTATION CO.
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a. At distances greater than 3 ft from a single vibroflot,
relative density does not increase above 70 percent.

b. The overlapping effect is small for spacings greater than 8

ft.

c. Relative densities greater than 70 percent can be achieved
within a compacted area for spacings less than 6 ft.

d. The effect of adjacent compactions can be superimposed.

e. The same compaction results can be achieved by either
square or triangular pattern spacings, but a triangular spacing is
preferred because it gives the greatest compaction effort overlap.

D'Appolonia and others also present a design procedure for deter-
mining vibroflot spacing required to obtain a minimum relative density
[5-36]

.

Some excellent case studies of the vibrof lotation technique can
be found in the literature [5-37, 5-38].

GRAIN SIZE DISTRIBUTION
u. s. standard sieve size

COBBLES
GRAVEL SAND

COARSE
|

FINE COARSE
|

MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS. U. S ARMY

FIGURE 5-14. RANGE OF SUITABLE SOILS FOR VIBROFLOTATION [5-33]

SOURCE: VIBROLOTATION
FOUNDATION CO.
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6000 PSF

.

FIGURE 5-15. TYPICAL VIBROFLOT SPACING [5-33]
SOURCE: VIBROFLOTATION

FOUNDATION CO.
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5. 5. 2. 2 Blasting

Soils best suited for densifying by blasting are loose, saturat-
ed, cohesionless materials [5-39]. But recent studies of blasting
have indicated its success for densifying sands above the ground water
table [5-40]. Densif ication by this method has been reported to
depths of 65 ft [5-35]

.

The blasting technique involves burying ex-
plosives which when fired cause liquefaction followed by expulsion of
pore water and densification . The basic procedure is as follows:

a. Install a hollow pipe to the desired depth

b. Lower an explosive charge to bottom of pipe

c. Withdraw the pipe

d. Backfill the hole

e. Fire the charge (s) according to a pre-established pattern

The greatest amount of densification occurs immediately after the
blast; the remaining densification occurs within a few minutes. The
blasting technique is suitable for the same soils as vibrof lotation,
as shown in Figure 5-14. Other investigators have had success with
silts [5-41] . Typically blasting can improve relative density by 15
to 30 percentage points, but it can seldom attain a maximum relative
density of 80 percent [5-35],

The design of a firing pattern usually requires field tests. An
empirical formula relates the weight of a charge (W) in lbs to a radi-
us of sphere of influence (R) in ft as follows [5-35]:

W = CR^, Note: C = 0.0025 for charges with 25 percent
dynamite

Weights of the charges typically range from 1/2 to 8 lbs, and 3 to 5

blasts are fired in sequence. Figure 5-16 shows a typical firing
pattern for densifying a loose, uniform, fine micaceous sand for sup-
port of a power transmission tower foundation [5-42],

There are no specific design steps. The following empirical
rules are commonly used in determining blasting patterns [5-35]:

a. Repeated shots are more effective than a single large one
or several small ones detonated simultaneously.

b. Each successive charge in a given area causes less densifi-
cation than the one preceding.

c. Little densification occurs in the upper 3 ft of the layer.
This zone requires surface compaction.

d. The center of the charge should be at a depth of about 2/3
the thickness of the stratum to be densified.
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e. The horizontal spacing between blast holes varies from 10
ft to 25 ft and is governed by the depth of stratum to be densified
and the desired overlapping effect of charges. For spacings less than
10 ft, adjacent charges may be prematurely set off.
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TYPICAL FIRING PATTERN FOR COMPACTION BY BLASTING [5-42]

SOURCE : PRUGH

5. 5.2. 3 Compaction Piles

The compaction pile is specifically employed to densify cohesion-
less soil strata. Typical depths of compaction range from 30 to 40
ft. Densif ication results from the displacement of soil equal to the
volume of the pile and from the vibration effect of the pile installa-
tion.

Typically a casing with a detachable end plate is driven to the
desired compaction depth; it is then withdrawn while the hole is sim-
ultaneously backfilled with sand. The efficiency of compaction piles
is reduced for loose cohesionless deposits which are partially satu-
rated.

Ileyerhoff has investigated the amount of compaction by driving a
straight sided displacement pile into a cohesionless soil [5-43]

.

The
horizontal extent of the compacted zone, along the pile shaft, is
approximately 5 pile radii with a slightly larger zone extending below
the pile.
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Design of compaction pile spacing is very empirical. Spacings
are generally 3 to 5 ft apart. On the average, the increase in rela-
tive density over a particular site treated by compaction piles can be
approximated from the total volume of driven piles and the amount of
surface settlement [5-35].

Very few case histories describe the use of the compaction pile.
Lehr [5-44] and Abaley and Askalanov [5-45] describe densifying loess
deposits with compaction piles.

5. 5.2.4 Grouting

The grouting technique involves pressure injection of a grout mix
into the soil to cause densif ication. A variety of grout types exist
today and use of each one depends largely on the soil type to be den-
sified, as illustrated in Figure 5-17.

Grain Size - mm

FIGURE 5-17. SUITABLE GROUT TYPES FOR VARIOUS SOIL TYPES [5-35]

SOURCE: MITCHELL; p. 86

Grouting is a relatively high cost soil improvement technique due
primarily to the costs of materials, specialized techniques, and field
control measures necessary for satisfactory implementation. Since
sufficient confinement is required to obtain the needed injection
pressures, grouting is generally limited to zones of relatively small
volume. The technique is applicable for filling large voids to pre-
vent excessive settlement or for increasing allowable soil pressures
for support of structure loads. Table 5-12 summarizes the most common
uses for grouting, many of which are applicable for improvement of
landfill areas.

There are no established rules of design to be followed for de-
veloping a grout spacing pattern for a particular job. Experience
usually dictates the design and method of application. Some typical
grout patterns for water cut-off are presented in the literature
[5-46] .
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TABLE 5-12. COMMON USES FOR GROUTING [5-35]

Prior to Construction

1. Control water problems during boring and sampling.

2. Fill voids to prevent excessive settlement.

3. Permit increases in allowable soil pressures relative to the

untreated soil for both new structures and additions to existing

structures

.

During Construction

1. Control groundwater flow.

2. Prevent loose sand densification under adjacent structures

due to pile driving.

3. Increase stability of granular soils beneath existing structures

thus reducing lateral support requirements.

After Construction

1. Underpinning (compaction or displacement grouting, mudjacking)

.

2. Reduce machine foundation vibrations.

3. Eliminate seepage through cracks, joints, and pores.

SOURCE : MITCHELL; p. 85

Evaluation of the effectiveness of some grouts has indicated that
soils having permeabilities greater than 5 x 10”^ cm/sec can be
grouted [5-35]

.

A groutability ratio (if greater than 25) is commonly
used to determine successful cement and clay grouting of soils:

groutability ratio =
< d 15) soil

> 25

( D 8

5

) grout

Karol [5-47] has estimated the radial distance , r, in feet from a
grout point to which a chemical grout may penetrate:

r = 0.62 ^ Rgt
n where R = ratio of water to grout vis-

cosity

g = rate of grout take (cu ft per
min)

t = gel time (min)

n = soil porosity (dimensionless)



Several important characteristics of a good grout mix are listed
below:

a. Stability and the possibility of segregation within soil
and cement grouts

b. Setting time (It is important to get grout to the right
place at the right time.)

c. Volume of set grout (A maximum volume with minimum weight
of material is usually desired.

)

d. Adequate strength to prevent washing out and to support im-
posed loads

e. Viscosity (generally the lower the better)

f. Rheological properties (yield stress, thixotropic proper-
ties, gelling characteristics)

g. Particle size and size distribution

h. Permanence

The following paragraphs briefly described the most commonly used
grouts. Additional information can be found in an article by Leonards
[5-27 J

.

5. 5. 2. 4.1 Soil and clay grouts . The soil and clay-water grouts are
the least expensive, relative to material cost. Their use is primar-
ily limited to injection in coarse-grained soils. Some disadvantages
of these grouts are: (1) difficult to inject, (2 ) no cementing
action, and (3) small permeability reduction.

A well-graded sand is commonly used in the soil-water grouts.
Bentonite is commercially available for use in clay grouts. A clay-
cement grout is also a common grout mix able to develop a mixture
strength up to 1,000 psi, but these grouts do not have well defined
setting times and develop their strength slowly.

5.5. 2.4.2 Cement grouts . These grouts are mostly used to fill voids
or joints in large in-situ rock masses; they have also been used to
grout sands and gravels [5-48]

.

5. 5. 2. 4. 3' Chemical grouts . The chemical grouts consist of the sili-
cate chemicals, chrome-lignins and polymers. These grouts have the
most expensive material cost, but they have three attractive advan-
tages: (1) absence of particulate material, (2) low viscosity, and
(3) control of setting time.

Chemical grouts can be classified as 'one shot' and 'two shot'.
One shot grouting requires premixing all ingredients before injecting
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them into the ground. A chemical reaction takes place after the grout
is in place, at which point the grout converts to a solid or gelati-
nous mass. A two shot grout involves injecting one chemical into the
ground followed by a second. As the chemicals make contact, a reac-
tion between the two results in the formation of a precipitate in the
pcre spaces. All-9 is a commonly used one shot grout. A common two
shot grout consists of an injection of a sodium silicate followed by
an injection of a calcium chloride. This combination results in a
silicate get information.

The two shot grouts usually result in higher strengths, but they
are generally slower to react and require closer spaced grout holes
and higher injection pressures. Often no guarantee can be set for
complete interpretation between the grouts.

5.5.3 Improvement Methods Applicable to Silt and Clay Muck

5. 5. 3.1 Stone Column

As described previously, vibroflotation is a technique commonly
used for densifying sands and gravels. Approximately 15 years ago a
variation of the vibrof lotation technique, which permits strengthening
of clay materials, was introduced in Germany. This technique is
called the " vibro-replacement" or "stone column method."

The stone column method involves construction of a vertical hole
in the clay with a vibroflot and partially backfilling with a coarse
granular backfill. The backfill material usually consists of coarse
gravel, crushed stone, or slag with a particle size between 3/4 and 3

in. The vibroflot is then lowered back into the hole to compact the
backfill material by vibration. Repetition of the process results in
the production of a very dense coarse granular 'stone' column within
the clay material.

The lateral movement of the backfill material depends largely on
the consistency of the in-situ clay material. The softer grounds
yield the largest column diameter. Typically, the densified column of
stone is 2-1/2 to 3-1/2 ft in diameter. Design generally calls for a
triangular pattern of stone columns spaced from 5 to 9 ft apart. A 2

to 3 ft thick compacted granular fill blanket is usually placed over
the stone columns to help distribute the foundation loads to the un-
derlying soil. Hughes and Withers have prepared a review of empirical
design procedures [5-49],

The stone column concept of load transfer can be described as
follows. Initially, the stone column acts as a pile. As the founda-
tion load is increased, the piles displace laterally which activates a

passive condition to the weaker clay materials. Simultaneously, the
stone column acts as a drain to remove excess pore water from the con-
solidating clay mass which becomes stronger. This cycle of operation
continues until an equilibrium point is reached and the entire founda-
tion area is mobilized to a uniform bearing pressure. This method has
been successfully used to allow shallow footings to be used in areas
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that would otherwise require more expensive deep foundations or mats.
A number of case studies have been documented which describe the use
of the stone column method [5-32, 5-50].

Field experience has shown that a 3 ft diameter stone column in-
stalled in a medium stiff to soft clay can be designed to support a
load of 20 to 30 tons per stone column [5-32] . Higher bearing ca-
pacities can be reached in stiffer soils.

5. 5. 3. 2 Electro-Osmosis

Electro-osmosis is a method for improving fine-grained soils such
as clay and silts. Host applications have been for dewatering and
consolidation. The method was discovered by Reuss in 1809.

The purpose of electro-osmosis is to induce water movement by
applying a direct electrical current supplied by an anode and cathode
embedded into the soil. In very simplified terms, the phenomenon of
electro-osmosis relates to the double electric layer (or double
diffuse layer) at the surface of clay particles. The outer layer is
positively charged and the inner layer is negatively charged. When an
electric field is induced, the positive ions in the outer layer move
toward the cathode, carrying associated water molecules with them.
The overall result is a general flow of water towards the cathode.

Many of the theories developed for electro-osmotic water flow in
capillaries have been applied to estimates of electro-osmotic flow
rates in soils. All of the theories vary slightly depending upon the
particular assumptions made. In 1952, Leo Casagrande presented a
simplified formula which is similar to the formula used to measure the
hydraulic flow in a capillary tube. Assuming flow in soils to be
through a bundle of capillaries, Casagrande formulated the total flow,
Q, to be [5-51]

:

Q = ke i eA

where ke = e £_ e_
4irn 1+e

k = coefficient of electro-osmotic permeability
e

e = dialectic coefficient

E, = beta potential

n = viscosity

e = void ratio

i = electrical potential gradient
e

A = cross sectional area of flow
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Casagrande's formulation is based on the assumption that the thickness
of the diffuse double layer is small compared with the size of the
pores

.

The coefficient of electro-osmotic permeability has been found to
vary by only one order of magnitude for all soils with an average val-
ue of 5 x 10“5 square cm per second-volt (or cm/s under a 1 volt per
cm potential gradient) . However, the relation between the amount of
water discharged by osmosis and the quantity of electricity consumed
(usually measured in gallons per hour per amp) is not simple. This
quantity depends on water content, exchange capacity, and free elec-
trolyte content of the soil. Figure 5-18 illustrates graphically some
relationships for predicting electro-osmotic flow for various clays.

The principles of electro-osmotic flow have been applied to soil
engineering problems related to the theory of consolidation, pile
driving, dewatering, and moisture proofing [5-35]. Casagrande [5-53]
prepared an extensive state-of-the-art review of electrical stabili-
zation.
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Bjerrum and others [5-54] present an excellent case study whereby
the strength of a quick clay was increased utilizing electro-osmosis.
The clay strength was more than doubled, from 0.9 to 2.0 tsm to a
depth of 10 m over an area measuring 10 m by 20 rn. The direct cost
for improvement amounted to $1.20 per cubic meter (cu m)

.

5. 5. 3. 3 Vertical Drains

Vertical drains such as vertical sand drains, paper drains, and
plastic wicks may be used in conjunction with surcharging to acceler-
ate the rate of settlement of soft, saturated soils. Drainage tech-
niques would normally be applied only when the muck of underlying na-
tural soil deposits are saturated so that removal of excess water (or
water pressure) will significantly improve the strength and settlement
characteristics of the soil.

As mentioned previously, sand drains are an effective method for
increasing the rate of consolidation of saturated deep clay or silt
layers. The sand drain acts as a vertical internal drainage channel
for the dissipation of excess pore water. Design is based on the
theory of radial and vertical pore water flow developed by Barron
[5-55] and Terzaghi. Figure 5-19 illustrates these basic theories.
In design, the vertical and horizontal water flows are considered
separately. Typically, sand drains are 18 to 20 in. in diameter and
are spaced 6 to 10 ft apart in a triangular pattern [5-27]. The
complete installation consists of installing a vertical column of sand
(i.e., the drain), placing a top sand blanket over the soil stratum,
and placing the surcharge load on the sand blanket. The blanket
serves as an additional drainage path for water.

Some of the methods used today for installation of sand drains
are rotary drill, mandrel (closed, open, driven, or jetted), contin-
uous auger (solid or hollow stem) , and vibratory driving. The most
common method is the driven closed-end mandrel. The installation pro-
cedures result in a certain degree of disturbance to the treated soil
adjacent to the sand drain. This zone of disturbance is called the
'smear' zone. It is important in the final analysis of the installa-
tion process to assess the potential severity of the smear zone. Ta-
ble 5-13 summarizes some of the disturbance effects caused by sand
drain installation.

A recently published article on the state of the art of sand
drains describes both design and installation techniques [5-56]. The
article also presents five case studies of sand drain installations.

Variations of the sand drain concept have been developed around
the world.

Japanese engineers have developed a sand wick which is basically
a thin synthetic plastic sheet, very flexible but sturdy, with con-
tinuous vertical channels or slots. These slots effectively act as
drainage paths for water to dissipate by capillary action. These de-
vices have been used extensively in Japan for increasing the rate of
consolidation of clay and silt tunnel muck in conjunction with sur-
charging .
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SOURCE: JOHNSON; p. 151

The sand wicks are installed using a special mandrel to push them
to the desired depth. Sheet lengths can be easily cut in the field.
Interviews with Japanese engineers and contractors claim this device
is more economical than the conventional sand drain used in the United
States

.
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TABLE 5-13. DISTURBANCE EFFECTS RESULTING FROM SAND DRAIN
INSTALLATION [5-35]

SOURCE : JOHNSON; p. 156

Disturbance Effect

- — i Jr •

Remarks

Smear Can be caused by any method of installation,
even by a thin sharp knife drawn through
soft clay

Soil displacement and
remolding effects

Outward soil displacement caused by driven
closed-end mandrels

Inward soil displacement resulting from
jetting methods or withdrawal of solid-stem
augers

Either outward or inward soil displacement
may result from hollow-stem auger methods,
depending on rotation and advance rates of
auger

Grouting of thin sand
layers

Caused by natural drilling mud formed by
jetting methods

Thin film of mud on
sides of drain

Caused by natural drilling mud formed by
jetting methods

Contamination of sand
backfill in drain

Possible in jetting methods if washing during
jetting is insufficient. Also possible when
withdrawing driven mandrel if sand sticks in
mandrel

Distortion of thin sand
layers

Most likely with driven mandrel method, pos-
sible with solid- or hollow-stem augers.
May be severe in varved or thinly bedded
deposits

The sand wick concept has been developed in the United States.
Healy & Long [5-57] report the development of a prefabricated fin
designed to increase the rate of soil drainage. The method was origi-
nally developed for draining embankment slopes to prevent stability
and erosion problems. Use of this drainage system can eliminate the
need for expensive select backfill or filter material otherwise speci-
fied to obtain a free draining slope area. The drains can be economi-
cally installed during construction.

The prefabricated fin underdrain is illustrated in Figure 5-20.
The drain consists of a plastic pipe with a slot cut down its entire
length and a vertical channel fin fitted into the slot. The fin,
which typically consists of an expanded aluminum sheet or polyvinyl
tube fencing, is surrounded by a filter cloth material designed to
prevent soil particles from migrating into the fin. The vertical fin
acts to intercept water moving horizontally and rapidly conducts it to
the bottom drain pipe where the water can be removed from the area.
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4" diameter

FIGURE 5-20. PREFABRICATED FIN UNDERDRAIN [5-57]

SOURCE: HEALY & LONG

5. 5. 3.4 Thermal Treatment

Heating or cooling a fine-grained soil can change its physical
properties. These improvement techniques are usually complex in exe-
cution, and therefore very high costs are associated with thermal
treatment.

Thermal heating of a fine-grained soil to temperatures between
100° and 1000°C can decrease water sensitivity and swelling compres-
sibility and increase strength. The use of thermal treatment has been
confined almost exclusively to Eastern European countries and Russia
[5-35], It has been successful in the following applications:

a. Stabilize weak clay soils and loess

b. Improve soil prior to construction

c. Stabilize potential landslide areas

Three basic techniques have been used: (1) burning liquid or gas
fuels in burners lowered into a borehole, (2) injecting hot air under
pressure through pipes and boreholes, and (3) burning liquid or gas
fuels under pressure in sealed boreholes. To date, the third method
has produced the best results. Litvinou [5-58] describes a case study
for treating clayey soils in which a consolidated zone of 1.5 to 2.5 m
in diameter by 8 to 10 m deep was formed with one 15 to 20 cm diameter
borehole. The period of treatment was 8 to 10 days.



Thermal treatment has not been used in the United States because
of lack of knowledge and experience.

Ground freezing, however, has been used in the United States for
temporary treatment of fine-grained soil masses. Complete freezing of
the pore water in the soil is most common, but a slight cooling has
been used to establish a thermal gradient capable of causing the move-
ment of pore water.
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6 . CONTINGENCY ASSESSIIENT

6.1 INTRODUCTION

Because of the inherent unpredictable nature of subsurface
conditions, underground work involves more contingencies or risks than
surface construction. Thus tunneling contractors are familiar with
calculated risks but are not anxious to increase their exposure to
risk. This point was emphasized at a conference sponsored by the Na-
tional Science Foundation where it was concluded that risks and in-
centives, control the introduction of new technology to underground
construction more than technological feasibility [6-1]. Introduction
of muck utilization, either as a new concept or as a new contractual
condition, must be accomplished without imposing undue risks or hard-
ships .

It was found that individual, corporate, and institutional enti-
ties involved in the planning, design, building, funding, and opera-
tion of underground facilities have different roles and financial in-
terests in the project. Thus a technological benefit to one member
may be of little concern to the other organizations. The technical,
contractural or other revisions to the standard operational procedure
should appeal to more than one member of the team. Also in order to
minimize the impact of the new provisions, the change should be im-
plemented in small steps with the emphasis on obtaining useful results
in a short period of time [6-2]. Muck utilization satisfies the
criteria for ready adaptability and benefit to the owner, contractor,
and city agencies involved in urban transit projects.

Thorough planning is required, however, in order to properly as-
sess the value of muck utilization and the potential difficulties
which may develop. Murphy's Law, "If something can go wrong, it
will," applies to tunneling. The hazards associated with a particu-
lar tunneling project must be evaluated well in advance so that al-
ternative construction plans can be immediately activated. Thorough
planning and flexibility are the key requirements for successful muck
utilization

.

The following sections outline some of the contingencies which
might develop during a tunneling project. Recommended planning ac-
tions are also provided.

6.2 SUBSURFACE CONDITIONS

6.2.1 Subsurface Investigations

A well planned and executed subsurface investigation program can
be an invaluable asset to the owner, engineer, and contractor. The
program is prepared to provide the necessary information required to

design and build the structure. Soil, rock, and groundwater condi-
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tions are evaluated including the geological and engineering proper-
ties of the materials. This same information is vital to the planning
of a muck utilization program.

In the BART project, for instance, test pits and two 5 x 7 ft
test drifts averaging 1200 ft in length were completed to obtain sam-
ples of the in-situ soil and to evaluate the anticipated hard ground
conditions in the Berkeley hills [6-3]. These explorations would have
provided an ideal opportunity to obtain material samples to evaluate
muck properties. Similar test pit and test drift explorations were
conducted for the Washington METRO [2-12, 2-14 and 6-4]. The test pit
provided information on in-situ soil stratification (and a chance to
obtain bulk samples) while the drifts increased the knowledge of rock
conditions in the Dupont Station area. A complete subsurface program
conducted for the 16 ft diameter tunnel from the Wilson Avenue to the
Central Water Filtration Plant in Chicago resulted in locating the
tunnel in a deep rock strata which did not have the rock problems
encountered in other rock tunnels [6-5]. The merits of a well planned
subsurface program cannot be overemphasized.

6.2.2 Changed Conditions

The phrase "changed conditions" raises the spectre of extra pay-
ments and construction problems to owners and contractors, respective-
ly. Often the problems are real but they do not always involve major
changes in soil, rock, or groundwater conditions. Rather the changes
may be subtle such as a variation in the jointing pattern in a rock
mass or the existence of boulders larger than any indicated in the
test explorations. A short anecdote may best explain the reasons for
these changes. While accompanying the noted engineering geologist,
Dr. C. P. Berkey, on an inspection of a dam site, the engineer con-
tinually quizzed the expert on the likely subsurface conditions. Fi-
nally Dr. Berkey replied, "Young man, I can't see one inch further
into that hill than you can:" [6-6]. During the exploration stage,
only a finite number of samples can be obtained. Additional costs and
the law of diminishing returns prevent sampling every foot of the way
along a tunnel route.

Descriptions of changed conditions usually fall into one of the
following categories: (1) unforeseeable, (2) foreseeable, (3) pre-
ventable, and (4) mistaken [6-7].

Unforeseeable conditions are problems which are truly unknown to
the owner, engineer, or contractor until they are uncovered in the ex-
cavation. The remaining categories may be attributed to lack of
knowledge, lack of experience, or ignorance on the behalf of all par-
ties to the problem. The unforeseeable conditions can be subdivided
into conditions (1) where actual conditions are substantially dif-
ferent from those described in the bid documents and (2) where very
unusual geologic conditions developed unexpectedly. The owner nor-
mally absorbs the extra costs associated with a verified changed
condition. The costly changed condition problems, however, appear to
be related to problems of tunnel support and may not have a major
effect on muck properties.
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For example, an unexpected joint several inches thick and filled
with crushed rock and clay was encountered in the rock wall between
the surge chamber and powerhouse in the Churchill Falls Project [6-8],
The joint, unidentifiable in the rock cores, endangered the stability
of the wall. Extra length rock bolts were installed to remedy the
situation. This joint, however, would have a negligible effect on the
properties of the muck removed from both the powerhouse and surge
chambers

.

While excavating the METRO twin tunnels crossing the Potomac, the
contractor decided that steel ribs and lagging were better suited to
the rock than the planned shotcrete and rock bolt method of support.
Overbreak was a definite problem and as a result WMATA agreed with the
change in support systems. The overbreak was attributed to the com-
bination of the arrangement of the rock strata and the method of
blasting [6-4], Thus the type of rock muck would not have been af-
fected by the changed conditions.

Excavation of the Richmond Water Tunnel in New York City was ini-
tially scheduled for a hard rock TBM. The machine made excellent pro-
gress for the first 75 ft but then progress slowed down until the con-
tractor elected to finish the work by conventional drill and blast
methods. Although the rock conditions did not change, the change in
construction methods significantly altered the properties of the rock
muck.

In order to minimize the problem of changed conditions, it is
recommended that a thorough subsurface investigation be completed and
that all data and interpretations be provided to the contractor with
the bid documents.

6.3 METHOD OF CONSTRUCTION

6.3.1 Selection of Excavation Method

Generally, the owner should accept the method of excavation sug-
gested by the contractor [6-9]. The selection of the method is based
on geologic conditions, available equipment, anticipated rate of pro-
gress, and other factors which influence the project completion time.
In soft ground tunneling, the conventional methods of excavation will
have little effect on the muck gradation or properties. In rock tun-
neling, the obvious alternatives are drill and blast versus TBM which
produce significantly different gradations of muck. In some instances
minor changes in the final method of excavation might be beneficial.
For instance, if drill and blast patterns are adjusted to produce a

smaller rock muck, the cost for additional rock drilling equipment,
drilling time, and explosive could be insignificant in the total
project shedule. But to limit the contractor to a TBM just to produce
crushed rock could be very expensive, particularly on a short tunnel.
Therefore, the muck utilization program should be based on the likely
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method of construction but should be flexible and adaptable to a range
of excavation methods.

6.3.2 Effects of Changed Conditions

Based on the previous discussion of changed conditions, it is
unlikely that major changes in ground conditions will necessitate a
switch from soft ground to hard ground mining techniques or vice-
versa. Mining through a major fault zone requires a change in tech-
nique which results in a change in muck quality . A thorough subsur-
face exploration program identifies these zones and prepares the muck
utilization program for the change in mining methods and muck proper-
ties .

Changes in groundwater conditions may result in major changes in
muck quality. Options available to the contractor include compressed
air, dewatering, freezing, and grouting. The first three methods do
not affect the physical properties of the muck; the last method adds
grout to the muck product. If at the start of a project the dewater-
ing requirements are uncertain, then the owner may require that a com-
pressed air plant be moblized and used only when necessary. Since
compressed air tunneling is expensive, grouting may be used in a
localized area of the tunnel. Methods must be chosen on the basis of
a cost comparison of the alternatives and a possible change in muck
quality

.

The sewer interceptor along Manhattan's West Side was constructed
using chemical grout to stabilize soil below the water table [3-35].
The other alternatives, compressed air, freezing, and dewatering, were
ruled out by cost, utility obstructions, and specifications
(settlement from dewatering), respectively. Thus grouting was the
only alternative.

If grouting is a likely choice, and if grouting might affect the
quality of the muck, then a test program should be completed to
evaluate the properties of the grouted soil or rock.

6.4 DELAYS IN THE CONSTRUCTION PROGRAM

6.4.1 Funding

Coordination of muck utilization programs can be halted immedi-
ately if no funds are available for either the tunnel or for the re-
lated utilization program. Also the timing of construction activities
must be considered. Major construction activities require Federal
assistance. The Washington METRO, for example, accelerated the
completion of design for its first cut and cover project. The design
and contract documents were completed in 10 months, in time for the
anticipated release of funds. The funding, however, was held up for
an additional 14 months [6-4].
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Similar concern about funding schedules was encountered during
interviews in Chicago with representatives of the Department of Public
Works. The muck planning efforts for the Deep Tunnel Project involved
simultaneous activities in (1) the deep tunnel, (2) the subway
extension, and (3) reactivation of the harbor dredging program. Lack
of simultaneous funding from different Federal sources would decrease
the effectiveness of the muck planning project. However, since no one
at the local level can guarantee the actions of the Federal agencies,
the planning must account for potential problems .

Planning, design, and initial construction of Atlanta's MARTA
system are underway. At one phase of the funding from Federal
sources, MARTA v/as granted only $80 million of the $237 million re-
quested. Atlanta is committed to the system and thus is planning to
continue construction but with an extended completion time and with
more local funding [6-10], The scheduling of the entire project is
thus affected by factors which are not under local control. Adjust-
ments simply have to be made.

6.4.2 Legal or Environmental Problems

Construction activities in urban areas can create unacceptable
levels of noise. City codes and 05ILA requirements must be satisfied
or residents can rightfully complain, and cause the job, including
muck production and hauling to be stopped [6-11]

.

Environmentalists' concern for proper disposal of construction
debris is apparent in the EIS statements which have been prepared for
Atlanta and Baltimore [10-5, 10-10]. General plans for the disposal
of materials were established in each case with an accounting of the
total volume of material to be produced compared to the available dis-
posal sites. The filling of wetlands can be opposed and thus the
traditional dumping methods used by contractors can no longer be ap-
plied.

In another subtle case, a suit was brought against the Washington
WMATA, claiming that the subway vibrations would be unacceptable to
residential neighbors. The construction of that particular stretch of
rock tunnel was deleted from the contract. The low bidder elected to
use drill and blast methods rather than a TBM because costs for TBM
mobilization would be too high to justify its use for the shortened
route. This last minute litigation v/as probably the cause of a change
from TBM muck to drill and blast muck. The muck utilization program
must be flexible enough to absorb these changes.

6.4.3 Normal Delays

Strikes, weather, utility relocations, equipment breakdowns, and
subcontractors' activities cause delays for a tunnel contractor. It
is impossible to predict the nature or extent of these delays, but it
is prudent to assume that something will delay the job for periods of
a few days to several weeks. A survey of architects, engineers, and
general contractors was completed to determine the delay factors which
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are most important or severe [6-12]. The respondents were asked to
rate 16 typical problems affecting construction progress. The 6 most
severe factors for each group are listed in Table 6-1 in order of
their relative severity . Weather, labor, and subcontractors were the
top three choices for each group; foundation conditions (changed soil
or rock conditions) ranked sixth. The muck utilization program must
be flexible enough to survive the inevitable delays caused by these
factors

.

TABLE 6-1. DELAY FACTORS AFFECTING CONSTRUCTION PROGRESS [6-12]
SOURCE : BALDWIN

Contractor Responses Architect Responses Engineer Responses

1 . Weather 1 . Subcontractors 1 . Weather

2. Labor Supply 2. Labor 2. Subcontractors

3. Subcontractors 3. Weather 3. Labor

4. Design Changes 4. Manufactured 4. Manufactured

5. Shop Drawings
Items Items

6. Foundation
5. Finances 5. Finances

Conditions 6 . Material 6. Foundation
Shortages Conditions

Note: Responses listed in order of importance-

6.5 SATISFYING UTILIZATION SPECIFICATIONS

6.5.1 Criteria

The specifications for muck utilization programs must clearly
establish acceptable limits for the quality of the muck to be sup-
plied. These specifications can be prepared by the prospective com-
mercial user or by an engineer or consultant retained to analyze the
muck qualities and prospective uses.

A commercial industry, such as a brick manufacturing plant, can-
not tolerate wide variances in the quality of the raw clay. Thus a

ready set of specifications used by brickmaking plants can be used to
evaluate the acceptability of clay muck as a raw material.

The criteria for accepting raw materials may differ among sand
and gravel plants, concrete ready-mix plants, and asphalt concrete
plants. Local criteria may vary depending on the available aggregates
and gradation specifications.

The requirements governing materials and placement methods for
controlled landfills must be established based on engineering evalu-
ation of the intended use of the fill. Thus gradation compaction
requirements and allowable water content are tactors which will affect
the acceptability of muck.
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6.5.2 Samples

Prospective users should be provided with samples of the antici-
pated soil or rock materials. These samples should be obtained during
the subsurface investigation program in order to allow time for
product evaluation. Basic geologic data can also be provided to in-
dicate the extent of the soil or rock deposit which will be mined and
to alert prospective users to the potential changes in material prop-
erties .

The geological data and the samples can provide additional means
to confirm the suitability of muck for the potential use and thereby
reduce the risk that the material will not meet the specified toler-
ances. In Washington DC for instance, a cutterwheel shield produced
chips of stiff clay which were acceptable for brickmaking. However,
when the machine encountered sandy deposits, the clay was no longer
suitable for brickmaking and another disposal scheme had to be
adopted. If the soil profile and typical samples had been evaluated
beforehand, then the change in conditions would not have required a
sudden change in disposal plans.

Materials handling systems such as conveyors, muck cars, and
loaders do not adversely affect muck properties. Once the muck is
produced at the face, the mechanical handling will not alter the phy-
sical characteristics. Thus the handling system to be used does not
need to be considered when evaluating the results of tests on samples.

6.5.3 Debris

Construction debris can contaminate the muck and render it unac-
ceptable. Care on the part of the contractor can prevent most severe
debris problems. Some debris connot be removed from the muck once it
has been introduced. For example, shotcrete methods will result in
surplus concrete being mixed with the muck. The basic constituents of
aggregate, sand, and cement may not affect the use of the muck in a

landfill, but the debris can affect aggregate production or acceptab-
ility. The volume of normal debris is usually a very small percentage
of the total volume, so minimal attention should prevent severe pro-
blems from developing.

6.6 CONTINGENCY PLANNING FOR MUCK UTILIZATION

The key factors controlling or minimizing contingency problems
are (1) thorough planning and (2) flexibility.

6.6.1 Planning Efforts

Environmental and economic factors influence planning activities
from the start of a project. Some of the concerns expressed by en-
vironmentalists include (1) minimum energy consumption during and
after construction, (2) proper storage and/or disposal of excavated
material, (3) minimum environmental disruption and, (4) a finished
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product that meets community and environmental goals [6-13]. Proper
muck utilization planning will satisfy the environmentalist's demands
under items 2 and 4 and thereby prevent last minute project delays
caused by objection to random dumping or disposal processes.

Geologic analyses are often required in the preliminary stages of
project planning in order to evaluate the overall project feasibility
[6-14]. The same geologic analysis can be used for preliminary muck
utilization planning. Typical preliminary data may only indicate
general soil or rock profiles, approximate level of groundwater table,
and an estimate of tunneling difficulties. Nevertheless if the con-
cept of muck utilization is introduced in the early planning stages,
then it will become an integral part of the project and will not have
to be tackled in the end. By providing time for planning, the econo-
mic value of the muck can be determined, whether it is used for land
reclamation or as a raw material for aggregate or another specilized
use. Several tunneling projects completed in New York City illustrate
the benefits of total materials handling and muck utilization planning
[6-15].

The contract documents for the Richmond Water Tunnel provided
that the contractor could at his option dump the rock muck to join two
islands in the lower New York bay. A rock dike system would be
constructed on each side and used to contain solid waste generated by
the New York City sanitation department. The project was abandoned,
however, because the blast rock particles produced during mining oper-
ations were too small for use as riprap. Thus, although the planning
effort was in force from the beginning of the project and the bid doc-
uments provided for muck utilization, the project collapsed due to a
last minute contingency problem. Since no alternative utilization
plans had been prepared, the contractor disposed of the muck in other
landfill projects and as riprap in other areas of the bay.

The construction of the East 63rd Street sunken tube tunnel from
Manhattan to Queens is an example of a successful muck utilization
plan. In a planned operation, muck was delivered to a landfill on the
southern end of F. D. Roosevelt Island. Riprap was placed to
stabilize the exposed slopes. Also the Manhattan end of the tunnel
was excavated after the tubes had been placed, allowing muck to be
hauled through the tubes and then to the fill site. This planning re-
duced traffic disruption from trucking operations and in the end was a

net benefit to the contractor and the city.

The planning effort must be thorough, it must be initiated during
the project feasibility studies, and it must be flexible, providing at
least two methods of utilization or disposal.

6.6.2 Flexible Utilization Plans

At least two options for muck utilization should be evaluated
during the planning stages. The options should consider uses ap-
propriate for good quality muck and poor quality muck. If neither of
the utilization plans are feasible, then outright disposal can be irrt-
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plemented. For example, muck can be incorporated into a variety of
landfill projects ranging from high quality engineered, compacted fill
to sanitary landfill cover or quarry backfilling. Then as the muck
quality varies due to anticipated or unforeseen changes in ground
conditions, the material can be sent to the appropriate fill site.

The timing or rate of muck production varies during the job.
Therefore, customers for muck must be alerted to the possible delay in
the day to day variations. Overall planning may indicate that an
average of 1000 cu yd per day of muck will be produced, but the daily
delivery rate may vary from 0 to 2000 cu yd. The contractor may find
it more convenient, therefore, to stockpile material at the access
shaft location. Compation equipment used at the fill site may not be
100 percent efficient, and muck may have to be stockpiled somewhere.

Stockpiling of muck is one method to provide additional time or
"float" in the delivery schedule. Rock muck could provide a long-
term source of aggregate for extension of surface rail lines (track
ballast) or extension of parking facilities (bituminous concrete ag-
gregate) . By stockpiling the rock on a marginal land site, any soft
compressible soils could be surcharged. Surcharging would develop
surface settlements, creating a stable site for eventual development.
The rate of delivery of materials to a stockpile site would be incon-
sequential, thus eliminating contingencies based on rate of advance
problems. An appropriate storage site is required and should be loc-
ated during the early planning stages to insure that lengthy land ac-
quisition problems do not hinder the utilization scheme.

6.6.3 Contract Documents

The contract documents must clearly establish the contractor's
role and responsibility in the muck utilization process. Location of
the disposal area, prescribed trucking routes, method of placement,
the sorting of debris, and other pertinent information or requirements
must be provided in order to prevent confusion during the bidding per-
iod. A unit pricing schedule should be established to fix the costs
for hauling muck to different sites in accordance with the alternative
muck utilization schemes, including outright disposal by the contract-
or. The method of measurement of quantities should also be establish-
ed, whether it be volume measured in place in the tunnel, truck vol-
ume, weight measure, or volume measured in place at the disposal site.
The owner's representative would therefore be responsible for evaluat-
ing the muck on a daily basis and then implementing one of the utili-
zation schemes. By providing several choices in the documents, the
owner retains the flexibility needed to match the variations, foreseen
or otherwise, which can develop in underground construction.
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7. MUCK UTILIZATION RATIONALE

7.1

INTRODUCTION

Utilization of tunnel muck provides advantages to the owner, the
contractor, and the public. The planning effort minimizes risks for
the contractor, thus reducing bidding contingency allowances. The
owner benefits from the increase in the value of land developed with
muck or from other utilization schemes. The public benefits from the
minimization or elimination of disposal practices which are detrimen-
tal to the environment. This section further discusses these benefits
and proposes utilization guidelines.

7.2

ADVANTAGES TO OWNER

7.2.1 Competitive Bidding

The owner enables all contractors to bid on an equal basis by
providing a conveniently located, easily accessible, site for disposal
of tunnel muck; rather than giving special advantage to a particular
contractor who may own or control a private landfill.

Since major tunneling projects often attract out-of-town contrac-
tors, the preplanned disposal program eliminates the practical problem
of locating a disposal site in an unknown area. The owner thus
attracts more bidders and reduces the number of contingency items car-
ried by the contractor, thereby reducing anticipated costs.

7.2.2

Community Acceptance

Tunnel construction in urban areas always necessitates temporary
inconvenience to the public. Problems often occur when contractors
haul muck to a variety of locations selected without regard to com-
munity convenience. A well selected muck disposal area can reduce the
number of trucks traveling through residential areas, spilling debris
on streets or blocking traffic, and thereby minimize public discon-
tent. Additionally, if it can be demonstrated that the muck is being
used for the public benefit, for example, in the creation of a park,
residents will be more likely to accept the annoyances caused by such
a project.

7.2.3

Early Completion

A well selected disposal site enables the contractor to operate
continuously by eliminating the possibility that he may have to shut
down the tunneling operation while seeking a new disposal site or that
dumping or hauling permits may be retracted.
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7.2.4 Cost Savings

A definitive muck utilization or disposal plan reduces the con-
tingency factors in the bid price for the cost of disposal. Lower bid
prices represent a direct savings for the owner.

In addition, the owner benefits from the appreciation in value of
marginal land which is improved by the placement of fill [7-1, 7-2],
Utilization of the muck as aggregate, backfill, track ballast or other
usage in the transit construction reduces the volume of imported ma-
terials needed.

7.2.5 Revenue Increases

If vacant land, improved by filling with tunnel muck, is used to
create commuter parking, industrial sites or housing within proximity
of mass transit, the transit system benefits from the increased number
of users with access to the system.

7.3

ADVANTAGES TO CONTRACTORS

7.3.1 Simplify Bidding Process

Contractors without access to a convenient disposal area cannot
calculate costs accurately without having to consider where or at what
cost they will dump this material. The muck utilization plan thus
reduces an area of potential loss which could result from factors be-
yond the contractor's control.

7.3.2 Permits by Owner

With proper muck utilization planning, the owner arranges for the
necessary trucking or land use permits. Often the time required for
bureaucratic processing of permit applications or negotiations for
land use can equal or exceed the bidding period. Although the con-
tractor must abide by the permit regulations, he is relieved of the
burden of obtaining these permits.

7.3.3

Maximum Utilization of Equipment

Since the location of the muck disposal site is known, the con-
tractor can schedule his equipment to optimum advantage. For example,
since site availability will not change from day to day, the trucking
fleet can be in continual use.

7.3.4

Optimum Work Schedule

With assured access to a disposal site and with all necessary
permits in hand, the contractor can drive the tunnel at the maximum
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rate, rather than adjusting the pace to match disposal efforts.
7.4

ADVANTAGES TO PUBLIC
7.4.1

Housing Opportunities

Landfills can be utilized to create areas for housing in urban
areas. In many cases the high cost of suitable fill material pro-
hibits land development. Tunnel muck provided at lower cost (possibly
without charge) can make these housing developments economically pos-
sible.
7.4.2

Job Opportunities

Large employment centers can be created on landfills in urban
areas

.

7.4.3

Recreational Potential

Landfills used as parks or golf courses can fulfill needs in ur-
ban areas for additional leisure time facilities. Consideration of
such use in conjunction with Green Acres programs is recommended.

7.4.4

Environmental Improvement

Geotechnically marginal tracts of land which have, by design or
circumstance, become disposal areas for trash and garbage need no
longer be eyesores or health hazards. Properly filled, these areas
can be upgraded to become visually appealing.

7.4.5

Increase of Tax Base

Creating housing or industrial facilities on marginal lands can
afford cities and states with substantial revenues from real estate
property taxes, sales taxes, payroll taxes, etc. For example, a 100
acre landfill* could accomodate approximately 2 million sq ft of in-
dustrial buildings with an approximate value of $30 million. Taking a
tax rate of 6 percent (which might be conservative for an urban area)
property taxes might amount to $1.8 million annually. Computing em-
ployment at 500 sq ft per employee, the industrial buildings on the
site could accommodate 4000 employees. If these workers were to be
paid $200 per week (average) , a total annual payroll in excess of $40
million is indicated.

*For 1,600,000 cu yd of tunnel muck, 100 acres of land can be develop-
ed having an average fill height of 10 ft.
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This same 100 acre area, if developed with housing of 16 units
per area, $20,000 value per unit, would yield $1.9 million in real
estate property tax revenues, based on a 6 percent tax rate.

7.5 UTILIZATION GUIDELINES

The following paragraphs recommend planning steps for developing
technically suitable muck utilization plans. Muck utilization must be
considered during the preliminary design phase so that recommendations
relative to muck utilization can be incorporated into subsequent
design decisions. For example, additional field or laboratory tests
required for analysis of muck properties should be conducted as an ex-
tension of the normal subsurface exploration program. This "input"
for the muck utilization program must be prepared at an early stage in
the system design program.

The actual implementation of the utilization plan or plans will
depend on an evaluation of the overall project schedule, municipal or
state land use planning, and other factors which are discussed in Sec-
tion 8 of this report.

7.5.1 Establish Route Alignment and Complete Preliminary Test Borings

The selection of the transit route alignment requires a compre-
hensive transportation study. Theories have been proposed that trans-
portation follows land use and vice versa [7-3]. An assessment of
land use and transportation corridors is beyond the scope of the plan-
ning for muck utilization. However, during the early stages of route
analysis, muck utilization might "tip the balance" toward one of the
alternate routes.

General knowledge of the geologic conditions in the area, supple-
mented by available test boring records (from other site investiga-
tions), could be used to establish preliminary subsurface conditions.
Also, preliminary test borings should be completed to develop the gen-
eralized subsurface profiles along the proposed transit routes.

Preliminary route alignments and soil profiles which are prepared
to aid in the evaluation of land aquisition and construction problems
are also required in the preliminary analysis of muck properties.

7.5.2 Preliminary Muck Evaluation

Based on the preliminary design profiles, the general muck types
can be assessed. Their general classifications relate to the basic
categories of clay, sand and gravel, or rock-based muck. This infor-
mation is then used to evaluate potential uses for the muck and to
prepare recommendations which affect the proposed vertical and hori-
zontal route alignment and the final subsurface exploration program.
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7. 5.

2.1

Preliminary Potential Uses

From the preliminary subsurface profiles an estimate can be pre-
pared for the quantities of clay, sand and gravel, or rock muck to be
produced during construction. The potential uses for the muck can be
evaluated by referring to the utilization chart (Table 5-1, p. 5-2)
and from a knowledge of local uses of the same materials. These pre-
liminary uses can then be used to prepare the recommendations affect-
ing route alignment and the testing program.

7. 5. 2.

2

Vertical and Horizontal Alignment

Preliminary horizontal and vertical alignments are established
based on factors such as transportation requirements, land accessibil-
ity, zoning practice, and transit equipment requirements. Once the
horizontal transit corridor has been established, it is unlikely that
considerations of muck properties or value can justify a change in
alignment. A change in vertical alignment, however, may be desirable
for several reasons, including muck utilization. In order to avoid
mixed face tunneling conditions, the tunnel could be lowered into rock
or raised to undertake soft ground mining. Operating conditions, such
as grades between stations, total depth of shafts, or station ex-
cavations, as well as construction problems and muck properties, are
some of the factors to be considered. The value of the muck by itself
is not sufficient to justify a change in alignment, but it may tip the
balance in the decision making process.

7. 5.2.

3

Subsurface Exploration Program

Recommendations for additional samples or laboratory tests affect
the subsurface exploration program for project design. The additional
field and laboratory tests required for muck evaluation depend on the
anticipated soil and rock conditions. Large volume samples are
normally required as well as additional field and laboratory tests.
The muck utilization tests should be completed in conjunction with the
standard design program in order to minimize additional costs. It is
important, therefore, that muck utilization plans be developed along
with the preliminary system design plans.

Large volume samples are required in order to obtain representa-
tive samples for gradation analysis and to preserve a representative
sample after destructive testing of a portion of the sample. These
larger volume samples can be obtained from test pits or exploratory
drifts or by increasing the volume of samples retained during the
standard test boring program.

The completion of test pits or exploratory drifts may not be

justified for muck utilization alone. However, in combination with
other reasons, such as an evaluation of dewatering or mining problems,
the test pits may be a reasonable approach. Test pits were completed
for the Washington METRO and trial drifts were used for San Francis-
co's BART.
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Larger volume samples can be obtained from the test boring pro-
gram. The soil and rock sampling methods should require that all of
the samples obtained from the field tests be saved for examinations.
For example, the standard split spoon samples can recover a cylindri-
cal soil sample up to 18 in. long. Normally a representative sample
is saved in a glass jar, and the remaining 10 or 12 in. of soil are
discarded. All of the samples recovered in the anticipated zone of
tunnel or shaft construction should be retained for examination. This
merely requires filling additional glass jars. The standard repre-
sentative sampling can be used in other zones.

Some of the additional tests which may be required are listed
below. A more complete discussion of testing procedures is presented
in Section 4.

7.

5.2.4

Clay Muck

The completion of field vane tests is recommended in order to as-
sess the strength and sensitivity of the clay. When disturbed by con-
struction activities, a highly sensitive clay can be remolded into a
thick viscous liquid. An assessment of sensitivity is important for
design, construction, and muck utilization purposes.

Laboratory consolidation tests should be completed on remolded
samples in order to evaluate the compressibility of the clay after
placement.

7. 5.2.

5

Sand and Gravel Iluck

Large volume samples should be recovered in order to complete
representative gradation analyses and compaction tests. Since test
borings cannot recover particles larger than 2 or 3 in. , test pits
should be completed. Alternatively, large volume samples could be
obtained when access shafts are excavated prior to the start of tun-
neling.

Laboratory tests include abrasion, soundness, and petrographic
analysis required to evaluate the muck for use as aggregate. Also
standard gradation and compaction tests should be completed in order
to evaluate the suitability of the material for backfill in landfill
projects or as fill materials for the transit property.

7. 5.2.

6

Rock Muck

Standard rock core samples should be obtained and representative
core samples provided for destructive testing. The tests include
abrasion, soundness, and petrographic analysis required to asses the
suitability of the material for aggregate in concrete or bituminous
concrete.

The preliminary muck evaluation is a very important step in the
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overall muck utilization planning effort for all types of muck. It
establishes the potential uses and indicates the field and laboratory
testing programs needed.

7.5.3 Complete Subsurface and Laboratory Testing

The completion of the entire field and laboratory soil and rock
testing may require six months to two years. During this period, sub-
surface profiles should be prepared and examined as the borings are
completed. Boring locations, depths, sampling and field testing pro-
cedures can be adjusted to meet unusual conditions.

As the detailed subsurface profile along the route is prepared,
the laboratory testing program for final design and muck utilization
can also be completed. The testing program for muck utilization will
vary depending on the anticipated use for the muck. Generally, addi-
tional strength and compressibility tests will be required on remolded
samples to develop the properties of the materials after placement.
Tests for design information are normally conducted on undisturbed
samples in order to assess the in-situ behavior of the soil and rock
deposits. A discussion of the typical soil and rock testing program
for design and muck utilization purposes is presented in Section 4 of
tnis report.

7.5.4 Evaluate Probable Method of Construction and Muck Character-

istics

Construction methods and equipment appropriate to soft or hard
ground tunneling are described in Section 3. The method of excavation
(e.g. TBM, drill and blast) influences muck characteristics. It is
therefore necessary to determine which construction method or methods
will be used before evaluating the potential uses for the muck.

The gradation of the muck is obviously affected by the method of
mining, particulary in rock. However, dewatering problems in sand and
gravel might be solved by grouting, freezing, dewatering, or using the
innovative bentonite slurry tunneling machine. The selection of the
equipment is normally determined by the contractor based upon past
experience and the cost and availability of equipment. General
guidelines for selection of tunneling equipment have been prepared
[7-4], The use or restriction of a particular method may be affected
by factors such as noise and vibration control, settlement of adjacent
structures, and economics (for example, mobilizing a TBM or freezing
plant may be too expensive for a short section of tunnel) . These
problems are usually reviewed by the owner and the general engineering
consultant during the design studies. After this review, the most
likely alternates can be used to evaluate muck properties. The final
estimate of muck properties thus depends on the method of construction
and the typical soil and rock conditions.

Muck properties can be evaluated based on experience or, in the
case of rock tunneling, use of an analytical method. The Muck Design-
ation Number (MDN) is a new concept developed for determining the ap-
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proximate range of grain size distribution for rock based muck [4-17],
The system is based upon a predictor equation which can be used to
mathematically compute a number (i.e., the muck designation number)
which is related to a particular range of grain size distributions.
Variables used in the predictor equation are the in-situ rock proper-
ties (e.g. compressive strength, Schmidt hardness, dry unit weight)
and the excavation system parameters, (e.g. for tunnel boring machine
methods: thrust, advance rate, revolutions per minute; and for drill
and blast methods: powder factor, explosives, drill round). The
predictor equation was developed from a statistical analysis of ap-
proximately 50 case studies. A detailed discussion of muck character-
istics including an example of MDN analysis is contained in Section 4

of this report.

7.5.5 Evaluate Potential Uses for Muck

The potential uses identified during the preliminary stage should
be re-evaluated to confirm all technically feasible uses. The market
value or economic feasibility of the alternative uses should be eval-
uated at a later stage.

For each of the alternative potential uses, the following infor-
mation should be obtained:

a. Type of muck
b. Quantity
c. Anticipated quality
d. Standard for use
e. Processing equipment
f. Method of delivery, placement, and treatment

7. 5. 5.1 Type of Muck

Based on the subsurface profile and laboratory test data, the
anticipated type of inuck can be identified and carefully described.
The basic muck categories used in this analysis include clay, sand and
gravel, and rock-based muck. The test data indicate whether clay muck
will be soft or stiff and whether sand muck is actually a silty sand
or a clayey sand.

7. 5. 5. 2 Quantity

The anticipated quantities of each muck type can be estimated
from the subsurface profile and from the route alignment information.

7. 5. 5.

3

Anticipated Quality

The laboratory data indicate whether rock samples have been high-
ly weathered or if sand contains too much silt or clay to be accept-
able for fine aggregate. Items such as pollution by groundwater or
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chemical wastes and the presence of construction debris must also be
assessed.

7. 5. 5.

4

Standard for Use

The specification requirements for each proposed use must be es-
tablished. Many of the general requirements for landfill and special-
ized uses were presented in Sections 5-2 and 5-3. Landfill specifica-
tions may be tailored to the material and proposed land use and should
be prepared for the specific tunnel muck product. Backfill specifica-
tions for the transit construction may impose different gradation re-
quirements. These specification requirements must be established in
order to accurately assess the feasibility of each alternative use.

It is suggested that representative samples of the materials be
supplied to manufacturers or processors. The manufacturers can then
complete special laboratory tests to determine the acceptability of
the muck as a raw material. For example, a local brick manufacturer
would be readily able to identify a good brick clay.

7. 5. 5.

5

Processing Equipment

Basic processing of the muck should be evaluated. The methods
include sorting, screening, crushing and washing and could be accom-
plished by the tunneling contractor at the portal area. A description
of basic processing equipment is provided in Section 5-4.

7. 5. 5.

6

Method of Delivery, Placement and Treatment

The method of transporting the muck from the portal to the utili-
zation site should be considered. Methods include truck, train, and
barge; truck is the most common.

When the muck is to be used in a landfill operation, the method
of placement or future stabilization treatment should be considered.
Initial placement and compaction required in controlled fills may not
be possible. Surcharging or other stabilization methods may be re-
quired to permit full utilization of the landfill. Methods of soil
stabilization are presented in Section 5-5.

7.5.6

Recommendations

The final recommendations should include all muck uses which are
technically feasible. The methods of utilization should differentiate
between landfill and specialized uses. The uses should also be ranked
in order of the most probable schemes.

Recommendations should also be prepared which affect the prepara-
tion of the contract documents. For example, if sand muck is to be
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used for aggregate, then grouting may have to be prohibited as a meth-
od of groundwater control. If the muck is to be utilized in a special
manufacturing process, then the responsibility for delivery and pos-
sibly the method of measurement (e.g. weight, volume) must be estab-
lished.

The recommendations for muck utilization based on technical
feasibility must then be incorporated into the overall planning pro-
cess described in the following section.
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8. MUCK UTILIZATION COORDINATING COMMITTEE (MUCC)

8.1 INTRODUCTION

The development and implementation of a muck utilization program
requires three key elements: education, planning, and commitment.

8.1.1 Education

The transit authority and all organizations associated with the
construction of the new system must realize the value of earth and
rock materials removed from tunnels and foundation excavations. These
materials should be treated as valuable construction materials rather
than waste materials.
3.1.2

Planning

Planning of a muck utilization program must be initiated during
the preliminary stages of project design so that the concept becomes
an integral part of the design procedure. Lead time is required in
order to complete a preliminary assessment and prepare recommendations
for additional subsurface investigations and laboratory soil and rock
testing. The utilization plans must be flexible. Alternative muck
utilization programs must be prepared to provide for unanticipated
changes in project construction schedules or construction methods or
for other reasons.

8.1.3

Commitment

Commitment to the muck utilization program will be reflected by
contract documents which no longer require the contractor to simply
dispose of all excavated materials. Cooperation of local, city,
state, and Federal organizations will greatly help the implementation
of the program. Cooperation, however, must include a commitment to
provide assistance and access to land or other services in accordance
with the project schedule. Cooperation also applies to private in-
dustries who might be utilizing muck as a raw material in a manufac-
turing process.

The Muck Utilization Coordinating Committee will be responsible
for implementing the goals of education, planning, and commitment.

8.2 ESTABLISH A MUCK UTILIZATION COORDINATING COMMITTEE

The transit authority contemplating a muck utilization program
must delegate the organizational and planning responsibilities to
staff members, planning agencies or consultants. In this report, the
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group is identified as the Muck Utilization Coordinating Committee
(MUCC) and could be formed by the transit staff, city or state plan-
ning agencies, engineering consultants, or a combination. The organ-
izational structure chosen for a particular project would depend on
the local transit and government agency experience and capabilities.
The transit authority should assume the leadership role in all cases.

In Chicago, for instance, the planning report prepared for the
City of Chicago Department of Development and Planning recommended
that the City of Chicago Department of Pubic Works act as the coordi-
nating agency for the Lakefront Development. The recommendation was
based on the department's technical capability, involvement in main-
tenance and repair of city property, and responsibility for design and
construction of public projects including highways and subway con-
struction. An alternative choice was the Chicago Park District, based
on its past association and control of land development along the
lakefront.

The following paragraphs outline the reasons for including a par-
ticular organization in the MUCC.

8.2.1

Transit Authority Staff

A muck utilization program directly affects the planning, design,
and construction of a transit system. Since members of the transit
authority staff are most familiar with the proposed system, the anti-
cipated soil and rock conditions, the construction schedule, and the
contracting practices, the transit authority should assume the leader-
ship role in the muck utilization program. The transit authority will
benefit from the utilization efforts by simplifying the bidding pro-
cess and by eliminating environmental problems associated with indis-
criminate muck disposal practices. These benefits are outlined in
Section 7-2.

8.2.2

Government Agencies

Local planning boards or land development commissions should be
included in the MUCC organization. A representative who is familiar
with the overall regional land planning would be able to guide the
land access and land use activities of the MUCC. Agencies in need of
fill materials (e.g. highway department) and conservation groups
should be encouraged to participate in order to improve communication
and coordination efforts.

8.2.3

Consulting Engineer

On a major project, the transit authority normally retains an
engineering firm to serve as the general consultant for the develop-
ment and coordination of the design and construction of the entire
system. The potential for utilization of muck or other excavated ma-
terials in the new construction must be considered by the consultant.

8-2



It follows, therefore, that a representative from the consulting engi-
neering firm should participate in MUCC activities.

Alternatively, the transit property may prefer to retain a con-
sultant because of lack of available staff, need for special expertise
or an independent appraisal.

8.2.4 Funding of MUCC Activities

The manpower required to analyze the potential for muck utiliza-
tion will naturally vary with the scope of the project. For a major
project, such as the Chicago Deep Tunnel and Reservoir Project, the
potential for community disruption resulting from muck disposal
prompted the city planning department to retain a consultant to pre-
pare a muck utilization program. In New York City, muck utilization
planning has been completed by the Transit Authority (see reference to
East 63rd St. tunnel in Section 6; p. 6-8)

.

Depending on the complexity and duration of the project and the
number of general construction projects which might also be coordi-
nated in the utilization program, the manpower requirements could
range from one to three man-years. Financial support for the planning
effort should be shared by the organizations such as the transit prop-
erty, park development commission, harbors, highways and/or other pub-
lic works agencies who will ultimately benefit from use of the mate-
rial .

Federal support through multi-project grants should also be con-
sidered. If, for example. Federally supported recreational or housing
projects will benefit from the use of muck for low cost fill, then a
proportionate share of the muck utilization planning costs should be
provided by a Federal grant.

8.3 INITIAL CONTACT AND DATA ACQUISITION BY MUCC

8.3.1 Public Land Development Projects

The short-and long-term land use planning for urban development
must be reviewed. Tunnel muck is suited to many types of landfill
projects which may be proposed by planning divisions, urban renewal,
highway, airport, and other public organizations. The MUCC must sur-
vey these organizations to (1) educate the organizations about the
value of muck and (2) develop feasibility guidelines. Low cost fill
materials made available through urban transit construction may mean
that abandoned development schemes can be reactivated.

8.3.2 Private Land Development

Private land development projects should also be investigated.
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Land developers and contractors may be very receptive to the availabi-
lity of fill materials in the urban area.

8.3.3

Overall Patterns of Construction Activity

The MUCC must be aware of other construction projects which may
also result in a surplus of excavated materials. Other tunnel con-
struction activities, harbor dredging, or general foundation construc-
tion could result in the need to organize a city-wide utilization plan
or disposal program.8.3.4

Specialized Uses

Local industries utilizing soil and rock materials as raw mate-
rials should be surveyed to determine basic requirements for the raw
materials. The processors must be given time to consider the poten-
tial uses of soil and rock muck.

8.4

PLANNING RESPONSIBILITIES OF MUCC

The MUCC will be responsible for all planning related to muck
utilization, including technical, scheduling, and contractural as-
pects. The final step in the planning process is the selection of one
or more muck utilization schemes. All planning must be flexible.

The following paragraphs outline some of the general areas of
planning responsibility.

8.4.1 Implement Utilization Guidelines

The MUCC must complete a technical evaluation of the muck proper-
ties including estimates of quantity and quality. The steps involved
in the process are called the "utilization guidelines" and are des-
cribed in detail in Section 7-5. Key utilization-guideline tasks are
listed below for reference:

a. Establish route alignment and complete preliminary test
borings

.

b. Complete preliminary muck evaluation.

c. Complete subsurface and laboratory testing.

d. Evaluate probable method of construction and muck charac-
teristics .

e. Evaluate potential uses for the muck.

f. Make recommendations.



By following these utilizations guidelines, the MUCC will deter-
mine the technically feasible uses for the excavated materials. The
most promising three or four schemes should be selected for additional
study. Final selection would be based on a benefit-cost analysis
which would be conducted at a later stage in the evaluation process.

8.4.2 Market Analysis

The MUCC must evaluate the feasibility and economic planning de-
tails affecting the proposed utilization schemes. Practical engineer-
ing or construction problems must be solved, and the market value of
the muck must be established.

As a first step, a basic approach has to be defined. Will the
transit authority act simply as a supplier of materials or will it
control the use of muck in the landfill or specialized use activity?
For example, if the muck is technically suitable for use in an engi-
neered, compacted fill, the transit authority may be able to utilize
the material on the transit project and thus will have to control the
placement and compaction operations. The muck could be sold as a fill
material for use by other contractors, in which case the transit au-
thority would have no interest in the final placement or compaction of
the material. Similarly, the transit authority may or may not desire
to process the muck to produce aggregate or track ballast. The MUCC
must establish the goals of the utilization program. A flow chart
Figure 8-1 illustrates the various options.

The feasibility and economic studies can be divided into two
categories: (1) landfill schemes and (2) specialized uses. The
feasibility and economic studies are used to determine the most prac-
tical and economic uses for the muck within each category. Checklists
of feasibility and economic factors affecting utilization schemes are
presented in Tables 8-1 and 8-2, respectively. These suggested check-
lists may be expanded or modified to satisfy local needs.

It is apparent that selection of the option to simply supply muck
as a construction material involves a minimum of planning effort.
This applies to both the landfill and specialized uses schemes. This
option is desirable because of its inherent simplicity, provided the
muck qualifies as an acceptable material.

The final product of the feasibility and economic study consists
of a list of three or four muck utilization programs ranked according
to feasibility and cost.
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FIGURE 8-1. FLOW CHART OF I1UCK UTILIZATION OPTIONS
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TABLE 8-1. FEASIBILITY AND ECONOMIC FACTORS AFFECTING LANDFILL
UTILIZATION SCHEMES

I. OPTION: Landfill Operated by the Transit Authority

A. Available Sites

1. Locate available sites, including transit property projects

2. Determine present ownership; public vs. private
3. Establish land value - purchase price
4. Complete site evaluations - wet or dry, coastal, etc.

5. Establish zoning and/or environmental restrictions

B. Intent of Landfill

1. Predict potential land use: park, business, residental

2. Estimate land value after filling

C. Site Development

1. Determine steps required to prepare site for filling
2. Prepare design and construction controls, estimate quantity, place-

ment, and treatment methods

3. Identify factors affecting construction - e.g. truck routes,

noise, etc.

D. Development Costs

1. Establish market value for muck fill compared to other sources

(i.e., gravel pit, quarry, etc.)

2. Estimate Land development costs using muck compared to other
sources

OPTION: Landfill Operated by Others

A. Market Demand for Materials

B. Supply Pri ce of Materials

1. Establish market price for muck supplied "as-is".

2. Establish market price for muck which has been processed, i.e.,

sorted, screened, washed, etc.
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TABLE 8-2. FEASIBILITY AND ECONOMIC FACTORS AFFECTING SPECIALIZED
USES

I. OPTION: Transit Authority Processes Muck

A. Product Use

1. Identify potential uses: track ballast, concrete aggregate, bitu-
minous concrete aggregate, etc.

2. Establish quality control requirements

B. Processing Equipment

1. Identify equipment: sorting, screening, crushing, etc.

2. Locate Processing site and stockpiling area

3. Determine operational requirements: power, labor, etc.

C. Production Costs

1. Establish market value of processed muck and compare with commer-

cial products

II. OPTION: Transit Authority Supplies Raw Materials

A. Raw Materi al

s

1. Survey possible users to determine need for the muck "as-is"

2. Establish quality requirements, if any, for each use

B. Price of Materials

1. Determine transportation costs

2. Establish market price of muck "as-is"

8.4.3 Prepare Contingency Plans

It is difficult, if not impossible, to predict all possible vari-
ations in the design, funding, and construction process which could
affect the muck utilization program. The key factor is flexibility.
Contingency problems, identified in Section 6, are summarized below
for reference:

a. Subsurface conditions

b. Method of construction

c. Delays in construction program

d. Utilization specifications
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Alternative muck utilization programs must be prepared by the MUCC in
order to provide a smooth transition between programs, if one scheme
were abruptly canceled. In this way, the transit authority does not
lose control of the situation and thereby jeopardize the normal owner-
contractor relationship. Additional recommendations for contract doc-
uments are presented in Section 8.6.

Alternative utilization programs may be required to deal with an-
ticipated changes in muck properties or with delay in muck production
due to postponement of funding allocations or construction problems.
The transit authority may be able to locate landfill sites requiring
engineered, compacted fill and other sites requiring only common fill.
Stockpiling is an effective way to provide a source of material for
processing through a portable screening and crushing plant.

Through the contract documents the owner maintains control of the
muck utilization program. The documents must be clearly written to
indicate that alternative disposal areas can be made available to
maintain a continuous muck disposal program. A careful analysis of
potential problems combined with a flexible utilization program will
enable the MUCC to handle contingency problems.

8.4.4 Environmental Planning and Public Relations

A muck utilization program indicates to the public that the tran-
sit authority is concerned with the disposal of excavated materials
and is anxious to eliminate the adverse effects of an uncontrolled
disposal program.

For each of the proposed utilization schemes, particularly the
landfill programs, the MUCC must assess the potential environmental
impact. In terms of the transit construction activities, the MUCC can
publicize the fact that excavated materials will be utilized and not
simply dumped in the river. During the preparation of the EIS state-
ment, for example, the MUCC on behalf of the transit authority can
outline preliminary utilization plans, thus promoting the concept of
utilization from the start of the project.

The MUCC will have to inform local environmental groups of the
plans for utilization and deal with the objections of these groups.
However, by starting the entire planning process early in the design
program, last minute environmental problems will be avoided.

A checklist of Federal, state, and local agencies who may be con-
cerned with environmental planning is shov/n in Table 8-3. Local or
regional agencies will probably be more concerned with the details of
a utilization program, particularly if landfill schemes are involved.
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TABLE 8-3. AGENCIES CONCERNED WITH ENVIRONMENTAL PLANNING FOR
URBAN TRANSIT SYSTEMS

1 .

2 .

3o

4 .

5 .

6 .

7 .

8 .

9 .

10 .

11 .

12 .

13 .

14 .

1 5 o

U.S. Department of Transportation, Assistant Secretary for Environment,
Safety and Consumer Affairs

The Council on Environmental Quality

Environmental Protection Agency, Regional Office

Department of Housing and Development, Regional Office

Department of Interior

Department of Health, Education and Welfare

Department of Agriculture

Department of Commerce
Economic Development Administration
Office of Economic Opportunity

Army Corps of Engineers

Federal Highway Administration, Regional Office

State Clearinghouse: Office of Planning and Budget

Regional Clearinghouse: Regional Cormiission

State Government: Land Planning and Soil Conservation Service, Department
of Natural Resources

County Government: (Land Planning) County Engineering, Department of Public
Works

City Government: (City Planning) City Engineering, Department of Public
Works

8.4.5 Permits and Approvals

In order to avoid last minute delays, the MUCC must investigate
the need for special permits or approvals to conduct landfill or other
processing operations. Landfill operations, for instance, may have to
meet building code requirements (compaction requirements or building
permits) or satisfy gravel pit restoration requirements (grading of
finished surface) or approval of a park or public works department.

Restoration of sand and gravel pits in Prince George's County,
Maryland, requires the preparation of plans showing final contours and
the provisions of erosion control during restoration operations.
Since men and equipment will be working at the site, an occupancy per-
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mit is needed [8-1], Many city and county governments require hauling
permits for trucking over secondary roads and guarantee bonds for
maintenance or repair of roadways.

The MUCC must identify the permits required for each proposed
utilization scheme. Eventually the transit authority should obtain
the permits for the utilization schemes which are finally selected for
implementation.

8.4.6 Benefit-Cost Analysis

The completion of a benefit-cost analysis provides the MUCC with
additional information to help in the final determination of the muck
utilization program. The actual cost and benefit figures may be based
on estimates or qualitative judgments, but completion of the analysis
will have a net positive effect.

The actual cost of producing the muck in the tunnel is unaffected
by the muck utilization program. In the normal contracting practice,
the contractor is required to dispose of all excavated materials out-
side the right of way. The cost of disposal is passed on to the owner
as part of the excavation price. The muck utilization program affects
this hidden contract cost. During the planning stage, the disposal
costs must be estimated. The real cost can only be confirmed by es-
tablishing alternative bid items in the bid documents. An example of
alternative bid items is shown in Figure 8-2. The differential be-
tween the options, utilization program versus contractor disposal, es-
tablishes the immediate benefit or cost to the transit authority. The
MUCC must consider these factors when evaluating the effect of the
muck utilization program on the transit construction cost.

A benefit-cost analysis typically produces three options:

a. Costs less than benefits; program accepted.

b. Costs exceed benefits but benefits are high; program ac-
cepted.

c. Costs greatly exceed benefits; program not accepted.

Referring to Figure 8-2, it is apparent that if the unit price
for Method A or B is less than the price of contractor disposal, then
the utilization program will be accepted. If the cost of the utiliza-
tion program falls into Method B, then the benefits of the utilization
program must be evaluated. Alternatively, the additional cost may be
absorbed by special funding grants or by offsetting payments from
other agencies.

Consider the following example. Method A involves the develop-
ment of a city park area. Alternative bids indicate an additional
cost of $2.00 per unit volume for the utilization program compared to

disposal by the contractor. The city cannot buy fill at a price lower
than $4.00 per unit volume, and is therefore willing to pay the

transit authority the $2.00 differential.
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FIGURE 8-2. ALTERNATIVE MUCK UTILIZATION BID ITEMS

When utilization program costs greatly exceed the contractor dis-
posal price, then the utilization program is not accepted.

The benefits associated with Methods A and B must be determined
by the MUCC, using a qualitative, semi-economical benefit-cost analy-
sis. The market analysis will have already identified those schemes
consistent with local construction and manufacturing capabilities.
Basic costs are also available, measured, for instance, by purchase of
land or equipment. Benefits may be more difficult to quantify, parti-
cularly when environmental, recreational or restoration values are
introduced. A landfill used for an industrial park or shopping cen-
ter can be evaluated in terms of increased tax base, job opportuni-
ties, etc. Recreational area or environmental improvement is assessed
in terms of community needs. By investing time and money in environ-
mental considerations, the transit authority may find that the re-
sulting goodwill increases community acceptance of the project, parti-
cularly during the construction period when traffic and business ac-
tivities are disrupted.

8.4.7 Selection of Muck Utilization Alternatives

The final planning step involves the selection of three or four
alternative utilization schemes. At this stage, the MUCC will have
accumulated sufficient quantitative data to make a realistic appraisal
of the alternatives and to make realistic, practical decisions.
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8.5 SCHEDULING RESPONSIBILITIES OF MUCC

8.5.1

Limitations of Control

The actions of Federal, state and local agencies are beyond the
control of the I1UCC. The MUCC must maintain liaison with the critical
government agencies to convince them of the validity of the muck pro-
gram and the need to coordinate planning, funding, and construction
activities. In the final analysis, however, major shifts in Federal
funding allocations or state or county land use requirements may dras-
tically affect the overall transit construction schedule. The muck
utilization program must be flexible enough to absorb these shifts in
government policy.
8.5.2

Establish Utilization Program Time Schedule

Preliminary construction schedules can be used to coordinate muck
utilization programs. Wherever possible, the final program schedule
should be established after major transit planning and funding poli-
cies have been confirmed. The MUCC can then coordinate the rate of
muck production from transit construction activities with the muck
processing or landfill construction schemes. In order to account for
variations in the daily rate of muck production, scheduling may have
to be based on average weekly or monthly construction activities. The
timing must be established, but it must not be so rigid that construc-
tion delays cause the utilization program to collapse.

8.5.3

Interagency Coordination of Construction Schedules

In order to insure maximum benefit from the muck utilization pro-
gram, the MUCC must coordinate construction activities among the tran-
sit authority, other government development projects, and the private
sector. Based on the data obtained from a general analysis of public
and private construction activities, the MUCC must prepare a more de-
tailed coordination plan. If the transit authority is to supply fill
material for a highway project, then the highway department must be
able to provide the disposal area. Calendar dates must be established
and written commitments must be obtained. These written commitments
will force each agency to realistically evaluate its own schedules and
eliminate problems after transit construction has been started.

8 . 6 CONTRACT DOCUMENTS

The MUCC must either prepare the contract provisions for muck
utilization or else provide recommendations which will help others
prepare the contract documents. In both cases, the MUCC must review
the final contract package for consistent muck utilization planning.
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8.6.1 Information Package

The contract documents must clearly outline the owner and con-
tractor roles in the utilization program. An information package
should be included in the documents or issued separately. The package
would contain a description of the project, a list of participants
other than the transit authority, plans indicating the location of the
disposal sites and acceptable trucking or transportation routes, a
list of permits required for the work (identifying those permits to be
obtained by the owner) special instructions for sorting or processing
the muck at the tunnel portal, special test data, and other signifi-
cant information.

8.6.2 Alternative Bid Items

Specifications have typically required the contractor to submit a
unit price which includes excavation and disposal of soil or rock.
With the introduction of the muck utilization program, the procedure
must be changed to require separate prices for excavation and dispo-
sal. The muck utilization program will form the base bid item for
disposal while the standard disposal by the contractor will become the
alternative. A sample bid comparison sheet is shown in Table 8-4.
The format and number of alternatives can be changed to suit any spe-
cial requirements.

I. Base Bid: Utilization Program

Scheme Description
Estimated

Quantity
cu yd

Deliver
to Site

Unit Price

A Engineered, Compacted
Fill

75,000

B Aggregate 50,000

C Controlled Fill
(Geheral Disposal) 125,000

Total Volume: 250,000

Alternate Bid: Disposal by Contractor

A Disposal by Contractor 250,000

TABLE 8-4. COMPARISON BID SHEET FOR DISPOSAL
OF EXCAVATED MATERIALS
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8.7 ADMINISTRATION OF MUCK UTILIZATION PROGRAM

Administration of the muck utilization program can be accom-
plished either by the MUCC or through the normal contract administra-
tion process. The choice will depend on the complexity of the muck
disposal process.

If, for example, the muck is sold as a fill material and no elab-
orate processing is required, then control of the program can be dele-
gated to the construction supervision staff which will maintain re-
cords of quantities for payment purposes. On the other hand, if the
muck will be stockpiled on transit property for future processing
(e.g. crushing for ballast) then the utilization program may extend
beyond the completion of tunnel construction. In this case, adminis-
tration of the program should be delegated to the member of the MUCC
representing the transit authority.
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9. HANDBOOK EVALUATION
9.1

INTRODUCTION

The detailed investigation of muck utilization potential pre-
sented in Sections 2 through 8 of this report has been summarized into
a handbook which provides a concise description of muck utilization
planning concepts.

Prior to its final preparation, the handbook was reviewed by
various transit authority management personnel and other individuals
involved with tunnel muck utilization planning. Their comments and
suggestions were considered and appropriately incorporated into the
handbook. The remaining portion of this section documents this re-
view.

9.2

DISTRIBUTION AND RESPONSES

During the period from December 1975 to January 1976, draft cop-
ies of the handbook were sent to 19 people. The list of reviewers was
compiled with the help of the Transportation Systems Center in Kendall
Square, Cambridge, Massachusetts.

Approximately 85 percent of the handbooks were distributed to
transit authority directors and/or management personnel within the
major U.S. cities. The remaining copies were distributed to various
educational and governmental agencies.

Eleven individuals, eight from transit authorities and three from
educational and governmental agencies, commented in writing on the
handbook. Table 9-1 lists these responding individuals. On occasion,
the transit authority directors delegated the handbook review to Chief
Engineers or other similarly positioned personnel.

9.3

EVALUATION

The handbook reviewers generally exhibited a favorable view to-
wards muck utilization. The agencies agreed that muck utilization
planning was beneficial and should be included in the overall develop-
ment of a transit tunnel project. Some reviewers implied that early
formation of the planning concepts and implementation in the contract
specifications is important. One reviewer described the successful
use of transit tunnel muck as fill and riprap. Other reviewing tran-
sit agencies indicated that they intend to implement muck utilization
planning efforts, similar to those presented in the handbook, during
their future projects. As a result of reading the handbook, the Bal-
timore Mass Transit Administration recently agreed to participate in a
trial case study of muck utilization planning. The results of this
case study are described in Section 10.4 of this report.
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TABLE 9-1. LIST OF INDIVIDUALS RESPONDING TO
HANDBOOK REVIEW

Agency Contact Person

I. Transit Authority

1 . Mass Transit Administration
Baltimore, Maryland

Frank Hoppe, Director of
Engineering and Construction

2. Chicago Urban Transportation
District, Chicago, Illinois

Harold E. Nelson,
Executive Director

3. Southeast Michigan Transit
Authority, Detroit, Michigan

William V. Seifert,
Chief of Engineering

4. Southern California Rapid
Transit District,
Los Angeles, California

Richard Gallagher, Manager
Rapid Transit Dept, and Chief Engineer

5. New York City Transit
Authority, Brooklyn, New York

John F. Cohane
Deputy Chief Engineer

6. Bay Area Rapid Transit
District, San Francisco, CA

William McCutchen
Manager of Installations

7. Washington Metropolitan Area
Transit Authority,
Washington, D. C.

Vernon Garret, Jr.

Director, Office of Engineering

8. Niagara Frontier Transit
Authority, Buffalo, New York

Kenneth G. Knight
General Manager, Metro Construction

II. Government and University

1 . Environmental Protection Agency
Washington, D. C.

Rebecca Hammer
Acting Director
Office of Federal Activities

2. University of Massachusetts
Department of Geology
Amherst, Massachusetts

Dr. Oswald C. Farquhar
Professor of Geology

3. Colorado School of Mines
Golden, Colorado

Dr . Robert Faddick
Associate Professor
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Additional comments by the reviewers in support of muck utiliza-
tion planning are summarized below:

a. A beneficial use of waste materials.

b. Environmental pressures represent an incentive for muck
utilization.

c. The additional cost of geotechnical work required for muck
utilization would benefit the entire project.

d. Muck utilization can reduce contract bid price and overall
spending by the transit authority.

While most comments were favorable, some negative comments were
made as well. Most notable are the following:

a. The unpredictable Federal government scheduling of money
grants hinders commitment by others for muck utilization.

b. Specialized uses are not feasible unless the local industry
already exists within the community.

c. Implementation guidelines appear to be too elaborate.

d. Transit agencies may be reluctant to invest money in muck
utilization planning if there is no commitment for implementation.

One reviewer reported his transit authority's attempt to develop
a program of muck utilization in the beginning of the transit tunnel
project. Additional geological studies such as aerial surveys of po-
tential disposal sites were employed. Potential uses of muck, includ-
ing a variety of schemes for establishing suitable disposal areas and
another scheme to convert the excavated rock to crushed stone, were
investigated. However, after the planning effort had been exhausted,
the transit authority concluded that "any effort to control and util-
ize the deposit of muck or waste would result in expense to the Au-
thority." The reviewer identified the following difficulties with the
planning efforts.

a. No firm commitment could be secured from owners of poten-
tial disposal areas. Coordination between public and local groups was
lacking from the planning efforts.

b. In order to offset the potential maintenance cost for a

transit authority-owned disposal site, a dumping fee had to be as-
sessed to the hauling contractor. The dumping fee was passed back to
the Authority in the form of higher bid prices, therefore reducing the
potential savings due to muck utilization.

c. Some hauling contractors sold the excavated muck which was
reflected in their lower bids to the Authority.
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d. Wo economic feasibility study to assess the cost benefit of
the muck utilization schemes was undertaken.

However, the reviewer did favor the muck utilization plannig con-
cepts identified in the handbook. He stated that "a Muck Utilization
Coordinating Committee, as recommended in the handbook, is a satisfac-
tory approach to a unified planning effort."
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10. MUCK UTILIZATION PLANNING - THREE CASE STUDIES

10.1 INTRODUCTION

Muck disposal planning efforts were investigated for three cit-
ies: Chicago, Atlanta, and Baltimore. Transit agencies in each of
these cities are either expanding existing or constructing new rapid
transit systems. The study examined current methods used to solve the
problems related to muck disposal in urban areas. As an extension to
the initial review of the proposed Baltimore project, the planning
concepts described in this report were implemented and a muck utili-
zation plan was developed for the proposed rapid transit construction
in Baltimore. The general scope of the muck disposal problem for each
city is summarized below:

a. Chicago : Extension of the subway system plus the construc-
tion of a deep tunnel and reservoir system will produce an astounding
184 million cu yd of muck over a 15 year period. A long-range muck
disposal planning effort was completed by the City of Chicago
Department of Development and Planning. The plan calls for construc-
tion of lake-front landfill utilizing muck from all major transit and
tunneling projects.

b. Atlanta: The construction of the new rail transit system
by the Metropolitan Atlanta Rapid Transit Administration will produce
about 7 million cu yd of muck. About 25 percent of the muck will be
acceptable for use in construction. It is anticipated that the re-
maining excess material will be utilized as fill in local construction
and landfill projects.

c. Baltimore: The Mass Transit Administration is completing
plans for a new transit system involving tunneling, cut and cover, and
at grade construction. An estimated 2 million cu yd of excavated
material will be produced during the construction. It is likely that
the muck will consist of sand and gravel material acceptable for ag-
gregate or landfill projects.

10.2 NO. 1 - CHICAGO, ILLINOIS

10.2.1 General

Within the City of Chicago, the general contractor traditionally
has been responsible for the disposal of tunnel muck. In the past,

landfill areas have generally been available for disposal sites. Such
areas have included the north section of Lake Shore Drive (1920's),

Lincoln Park area (1940's), and more recently, O'Hare Airport. O'Hare
Airport has been a major focal point for muck disposal, and oftentimes
haul routes to the area have been specified by the airport authority.
A proposed O' Hare Airport extension into Lake Michigan was not
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approved because of environmental considerations.

As a result of the planned construction of several projects in
the Chicago area, the City of Chicago Department of Development and
Planning (CCDDP) has recently undertaken a major planning effort to
investigate the potential utilization of the anticipated large volumes
of muck.

10.2.2 Summary

It is anticiapted that within the next few years, a volume of
material in excess of 184 million cu yd will be made available from
construction within the Metropolitan Chicago area [10-1]

.

Project Name Agency
Estimated Spoil

Volume (million cu yd)

1. Deep Tunnel &

Reservoir Project
(DTRP

)

Metropolitan Sanitary
District of Greater
Chicago (MSDGC)

179.0

2. Chicago Central
Area Transit
Project ( CCATP

)

3. Dredging
(10 yr. period)

Chicago Urban Transit
District ( CUTD

)

U.S. Army Corps of
Engineers (CE)

2.7*

2.7

184.4

Note: *Recently updated to 4.3 by the Chicago Urban Transit District
[ 10- 2 ] .

After estimating the quantities and types of muck and evaluating
their potential uses, the CCDDP contacted various agencies and dis-
cussed with them the problems of muck utilization. Besides landfill,
use of muck for manufacturing portland cement and aggregate and for
agricultural purposes was investigated.

The study concluded that the muck could most profitably be used
for lakefront development. Chemical analysis of the rock showed it to
have an amount of magnesium oxide far in excess of ASTM standards for
Portland cement. Producing aggregate and agricultural products with
the available supply of muck would seriously oversupply Chicago mark-
kets and possibly cause commercial suppliers to go out of business.
River and harbor dredgings, particularly those containing environmen-
tally harmful materials, are very difficult to utilize even as land-
fill. CCDDP has proposed a disposal scheme for such materials.
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10.2.3 Project Descriptions

Most of the muck will be produced by the Metropolitan Sanitary
District of Greater Chicago (MSDGC) Tunnel and Reservoir Projects.
The deep reservoir and tunnel project will eliminate overflow of the
combined sewage and storm water system into surface waterways. The
recommended Chicago Underflow Plan consists of three main tunnel sys-
tems, Des Plaines, Mainstream, and Calumet which fork out from the
primary reservoir facility located at McCook-Summit area [10-3] . The
tunnels, ranging in diameter from 10 to 42 ft, have a total length of
120 miles. The main reservoir system will be 330 ft deep, 500 to 1200
ft wide, and approximately 2.5 miles long. It will consist of three
basins having a total storage capacity of 91.2 million cu yd. Figure
10-1 shows the location of the major tunnel systems and reservoirs.

Based on a 1968 study, the Chicago Urban Transportation District
(CUTD) has recently completed plans for a 15.2 mile extension of the
existing subway system. This system, expected to be completed over a
ten year construction period, will replace the existing elevated
"Loop" system. The first phase of construction involves a 2.8 mile
east-west distributor line and a 4.7 mile subway. Seventy-five per-
cent, or 5.7 miles, will be cut and cover construction, and the re-
maining 1.8 miles will be deep tunneling. Corps of Engineer (CE)

dredging of existing river and harbor facilities is the last major
source of excavated material for landfill development. The dredging,
part of a general maintenance and improvement program, has been tem-
porarily suspended because of the lack of economically available sites
for dredged spoil disposal. Reactivation of dredging operations is
contingent upon the successful development of a satisfactory disposal
method. Figure 10-1 also indicates the primary locations of dredging
operations

.

In addition to these three major projects, excavated materials
may become available through normal construction activity.

10.2.4 Geology

The projects will produce both soil and rock materials. The soil
deposits consist of a surface artificial fill underlain by Pleistocene
deposits of lacustrine clays and sands, glacial till, and outwash
sands and gravel. The underlying rock strata consist of dolomitic
limestone and shale. The MSDGC Tunnel and Reservoir Project will be

primarily constructed in the rock deposits; relatively small portions
of the surface reservoir systems and tunnels will be constructed
through the overburden soil deposits.

The transit subway system will be constructed in the clayey gla-

cial till deposits. The shallow tunnel alignments and the cut-and-

cover sections will encounter sand and silt materials in addition to

rubble fill. The dredged spoil materials derived from Calumet Harbor,

Chicago Harbor, Chicago River, and North Branch Canal are contami-

nated. Unusually high concentrations of phosphorous, ammonia, phenol,

zinc, sulfide, oil, and grease exist in the river and harbor bottom

sediments. In addition, high percentages of volatile solids and COD
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have been found. These materials are considered environmentally harm-
ful and could pollute fresh water supplies if poor disposal methods
were employed.

Sponsor Organization

Metropolitan Sanitary District
of Greater Chicago

Chicago Urban Transporation
District

Corps of Engineers

Symbol Facility

me Deep Tunne

1

Resevoir

NV Transit System

River and
Dredging

Note: Refer to Figure 10-4 for identification of
lettered areas shown on location plan

FIGURE 10-1. SECTOR LOCATION PLAN FOR LAKEFRONT DEVELOPMENT [10-1]

SOURCE: KBS; Exhibit 1
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10.2.5
Methods of Construction

Depending on the soil or rock conditions, different construction
methods will be used for each of the projects.

Excavation of the tunnel and reservoir system will be accom-
plished by TBM for the smaller diameter tunnels and conventional drill
and blast for the larger tunnels. Use of a new TBM capable of driving
35 ft diameter tunnels is contemplated.

Excavation of the large underground reservoirs will be accom-
plished by drill and blast methods similar to open quarry pit methods,
such as bench blasting.

The transit tunnel system consists of deep to shallow subways, at
grade, and aerial structures. Depending on the economics, either
shield excavation tunneling or cut-and-cover methods will be used.
Clam shell digging or hydraulic pumping methods will probably be used
to dredge the river and harbor areas.
10.2.6

Types of Muck

An estimate, based on 1973 design concepts, indicates a potential
volume of muck in excess of 184 million cu yd. Most of the muck will
consist of dolomitic limestone from the deep tunnel system. Glacial
till, sands and gravels, and clay materials will be produced from the
subway construction.

Laboratory tests on intact samples of dolomitic limestone indi-
cate compressive strengths ranging from 15 to 20 ksi. Table 10-1 sum-
marizes the chemical composition of the rock.

The rock muck produced from the TBM will range from chips to dust
size particles; drill and blast will yield rock muck ranging from
boulder and cobble sized material to fine sand size. Other materials
from the tunnel and reservoir system will include glacial till, rock,
shale, and possibly large boulder and cobble sized stone.

Tunnel muck from the transit system is primarily a clay-based
glacial till. These materials, which have high strengths and low com-
pressibility in an in-situ undisturbed condition, will show opposite
characteristics when disturbed. Their gradation characteristics will
remain fairly unchanged.

A chemical analysis of the dredge spoil material is given in
Table 10-2. For purposes of comparison only, EPA Water Quality Stand-
ards are also shown.

10.2.7

Potential for Utilization of Excavated Material

Plans for the utilization of excavated materials within the
Chicago area have been prepared by (1) the City of Chicago Department
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of Development and Planning and (2) by various owner-organizations.
The proposed utilization plans are summarized in the following Section
10.2.7.1 and 10.2.7.2.

TABLE 10-1. CHEMICAL ANALYSIS OF SILURIAN FORMATION [10-1]

SOURCE: KBS; p. 28

Typical Values

Constituent Niagarian Racine Alexandrian Kankakee

% loss on ignition 50.2 43.

5

% Silicon dioxide 0.5 4.3

% Aluminum oxide 0.01 1.3

% Iron oxide 0.8 1.9

% Calcium oxide 28.4 27.8

% Magnesium oxide 19.6 18.6

% Carbon dioxide 49.5 42.7

% Potassium oxide 0.01 0.08

TABLE 10-2. CHEMICAL ANALYSIS OF CALUMET RIVER DREDGE SPOIL [10-1]

SOURCE: KBS; pp. 31, 35

Constituent Average
EPA Water

Quality Standard

% of Total Solid 53.1 -

% of Volatile Solid 9.8 -

COD (mg/kg) 32,000 35

Total P (mg/kg) 847 0.05

Sol-P (mg/kg) 2.86 -

NH
3
-N (mg/kg) 123 1.5

NO —N (mg/kg) 1.03 10

Org-N (mg/kg) 1950 -

SO^ (mg/kg) 88 -

Phenol (mg/kg) 4429 100

Oil & Grease (mg/kg) 5899 10

Total Fe (mg/kg) 5420 1.0

Copper (mg/kg) 75 .02

Nickel (mg/kg) 51 1.0

Zinc (mg/kg) 688 1.0

Lead (mg/kg) 188 9.1

Chromium (mg/kg) 76 -
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10.2.7.1 Recommendations By City of Chicago Department of Development
and Planning

Much of the rock to be excavated from the deep tunnel and reser-
voir project is ideal for the production of aggregate and agricultural
ground limestone. It is anticipated that the rock excavated by the
TBM's would be too fine for use as aggregate, whereas the drill and
blast operations would yield a rock spoil suitable for crushing or di-
rect processing. In fact, many commercial suppliers in the Chicago
area operate quarries in the dolomitic limestone deposits. However,
the extremely large quantities of material estimated from the reser-
voir excavation alone would flood the market and put many of the local
suppliers out of business. The CCDDP therefore concluded not to go
into a full scale production of aggregate, which in the long run,
would significantly depress the aggregate market at the expense of the
commercial suppliers.

The production of portland cement from the dolomitic limestone
was also considered, but the chemical analysis of the rock, shown pre-
viously in Table 10-1, indicated a magnesium oxide content far in ex-
cess of the ASTM standard specification (ASTM C150) . This factor made
it unfavorable to economically utilize the rock for portland cement
production.

The utilization plan finally adopted by the CCDDP was a landfill
program concentrated on the development of lakefront areas along Lake
Michigan. The opportunity to increase the economic value of these
areas while providing for long-term utilization of great quantities of
excavated material was the primary reason for this decision. The
overall objectives of the proposed lakefront land development program
are listed below:

a. Provide shoreline protection from wave action.

b. Increase land areas and protected water for public recrea-
tional use.

c. Provide wildlife refuge.

d. Generally improve the quality of urban living for the
people in Chicago.

e. Provide an opportunity to reactivate Corps of Engineers
dredging for improvement of the river and harbor areas.

f. Provide a readily available disposal site for contractors.

The broad range of the program was designed to attract the inter-
est of as many parties as possible. A brief description of the land-
fill scheme follows.

The scope of the planning effort consisted of: (1) approximating
quantities, types, and general availability of excavated materials.
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(2) postulating various landform shapes and possible construction lo-
cations along the lakefront area, (3) evaluating the effects of physi-
cal and economic constants on the design of each land form, (4) esti-
mating costs for the various landfill schemes, and (5) estimating the
unit cost for disposal of excavated material at the lakefront areas
for each of the participating organizations.

Four alternative land forms were considered:

Alternative I: Parallel extension of existing shoreline

Alternative II: Construction of peninsula

Alternative III: Peninsula construction with provisions for a
small boat harbor

Alternative IV: Construction of off-shore islands

The type of land form constructed in a particular area depended
on a number of factors. The volume of fill needed to develop an area
of surface land and the cost of protective breakwaters increase signi-
ficantly with greater water depths. The availability of a sufficient
amount of landfill materials at a reasonable cost further control the
type of land form to be constructed. Other influencing factors are
the cost of installing utility services, accessibility of the landfill
site during construction and to the public after completion, and ori-
entation of the landfill with respect to wind direction and waves
(e.g., erosional effect on protective breakwaters).

Based on these general considerations and limited subsurface ex-
ploration data, four study areas were designated as possible locations
for landfill sites. The locations of these areas, designated North
Sector, Central Sector, South Sector, and Far South Sector are shown
in Figure 10-1. In addition, several landform configurations were
prepared for each sector. A typical configuration plan for the South
Sector is illustrated in Figure 10-2.

A preliminary engineering effort was made to determine the most
economical type of protective breakwater system, including impermeable
double-walled breakwater, cellular sheet pile enclosures, single wall
sheet piling with tiebacks , and rubble mound protective enclosures.
Estimated costs were established for each type of enclosure. It was
concluded that utilization of the drill and blast rock spoil from the
tunnel and reservoir project and till materials from the transit sys-
tem made the rubble-mound type breakwater the most economical struc-
ture, independent of water depth.

An important phase of the planning effort by CCDDP involved the
consideration of an impermeable type of enclosure to be used for dis-
posal of the highly contaminated river and harbor sediments expected
from the Corps of Engineer's dredging operations. The landfill scheme
shown in Figure 10-3 was developed for the biological treatment of
these sediments. Biological degradation, very similar to methods em-
ployed in sewage treatment plants for secondary treatment operations,
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occurs as the contaminated water trickles through the broken rock.
Rock muck from the tunnel and reservoir project will be utilized as
the trickling medium.

FIGURE 10-2. DETAILED LANDFILL PLAN FOR SOUTH SECTOR [10-1]

SOURCE: KBS: Exhibit 4
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BAY

t

(A) AT DISPOSAL SITE

(B) CROSS SECTION A-A

(C) TREATMENT COMPLETED

FIGURE 10-3. BIOLOGICAL TREATMENT FOR DREDGE SPOIL MATERIAL [10-1]
SOURCE: KBS; Exhibit 9
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The costs for disposal at the sector areas were then compared
with standard disposal costs, such as trucking to the airport or other
private landfill areas. The bar graph shown in Figure 10-4 illus-
trates which projects would save money by utilizing the "Central Sec-
tor" landfill site.

10.2.7.2 Alternative Muck Utilization Plans

In response to the lakefront land development program, various
organizations proposed alternative utilization schemes.

The deep tunnel project planned by the Metropolitan Sanitary Dis-
trict of Greater Chicago (MSDGC ) will produce the greatest volume of
excavated material. This organization would receive the greatest
benefit from a large scale landfill program. Other utilization
schemes proposed by the MSDGC include stockpiling of blasted rock in
old abandoned quarries for later use in aggregate production. This
scheme would prevent the flooding effect of large quantities of aggre-
gate and would permit long range use of the blasted rock. Also the
rock muck could be used to develop ski slopes and other recreational
type areas at completed sanitary landfill sites.

The CUTD transit system is also considering construction of ski
mountains as an efficient utilization of spoil material. Both organi-
zations are continuing their search for alternative economical dispo-
sal sites for spoil material.

10.2.0 Utilization Restrictions and Difficulties

The magnitude of the proposed lakefront land development program
requires the participation of many public and private agencies. Dur-
ing the planning phase, the following key agencies were identified:

a. City of Chicago Department of Development and Planning-
coordinating agency.

b. Chicago Park District - alternative coordinating agency.
(In the past the Park District had been responsible for all lakefront
land development programs.)

c. Metropolitan Sanitary District of Greater Chicago - poten-
tial source of spoil material.

d. Chicago Urban Transit District - potential source of spoil
material

.

e. U.S. Army Corps of Engineers - potential source of spoil
material

.

f. State of Illinois DOT, Division of Water Resources Manage-
ment - jurisdictional authority over all public waters in Illinois.
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Source

TUNNEL AND RESERVOIR PROJECT
MAfNSTREAM TUNNEL SYSTEM

A Wilmette to Lawrence Ave.-697 A.F.

B Chicago River Lateral - 93 A.F.

C-l Lawrence Ave. to North Ave. -1401 A.F.

C-2 North Ave. to Chicago River - 551 A.F.

D-l Chicago River to Damen Ave. -1082 A.F.

D-2 Damen Ave . to Central Pk . Ave . -582 A.F.

E Central Pk. Ave. to Terminus - 2231 A.F.

H North Branch Chicago R iver Lateral - 660 A.F.

CALUMET TUNNEL SYSTEM

F -1 Cal-Sag - Cicero Ave. to State Line r 976 A. F.

F-2 Cal. River - L Michigan to 138th St. - 976 A.F.

F-3 Little Cal. River - 138th St. to State Line - 967 A.F.

DES PLAINES TUNNEL SYSTEM

L-l North Terminus to Belmont Ave. - 166 A.F.
L-2 Belmont Ave . to Cermak Rd. - 1022 A.F.

L-3 Cermak Rd . to South Terminus - 1041 A.F.

RESERVOIRS

0 Terminal - 53,925 A.F.

N Calumet - 40, 100 A.F.

G Riverdale - 5,393 A.F.

FIGURE 10-4. COST ESTIMATES FOR CENTRAL SECTOR: HARBOR AREA [10-1]
SOURCE: KBS; Exhibit 16

OTHER SOURCES

S Chi. Central Area Transit Proj. - 1680 A. F.

P Local Dredging of Lake Bottom for Fill

DR-1 Calumet Harbor Dredgings - See T ext

DR-2 Chicago River & Harbor Dredgings - See Text

LEGEND

COST FROM
SOURCE TO
SECTOR ALT. 1 ALTERNATE

DISPOSAL
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Coordination between agencies is essential. The entire landfill
program is dependent upon the timely availability of spoil materials
from the various construction projects. Since most of the proposed
projects will be Federally subsidized, the construction schedules de-
pend on funding grants. A delay of funds for any one project or part
of the project may put the entire landfill program in jeopardy. For
example, if the shot rock required for construction of protective
barriers is not available prior to the delivery of the landfill mate-
rials, then the rock fill will have to be purchased from a quarry.

The Chicago Urban Transit District (CUTD) , in a critical response
to the land development program, indicated that disposal of material
at the Central Sector would be most economical provided the protective
barrier was constructed from the tunnel and reservoir rock spoil 1

[10-2] . If this rock fill were not available, a more economical dis-
posal site could be found by CUTD outside the limits of the lakefront
land development. At the time of construction, CUTD plans to choose
the most economical disposal site. No prior commitments would be
made

.

It was found, in general, that long-range muck disposal planning
has not been completed by the various contributing agencies. More-
over, each agency prefers to study its disposal needs at the time of
construction. The lack of long-range planning and cooperation is a

serious problem which must be solved by CCDDP.

Some of the communication difficulties affecting planning phases
are evident in the CCDDP's reply to CUTD [10-4]. In its defense of
the lakefront land development program CCDDP stated that:

a. Rock spoil from the tunnel and reservoir project will be
available for protective breakwater construction.

b. The CUTD approach fails to consider a joint utilization
program with other parties.

c. The alternative transit tunnel disposal site will not be
available to the transit authority.

d. Both CUTD and CCDDP computed costs for disposal at the
lakefront site but the unit costs were significantly different because
different disposal methods were used.

The differences of opinion reflect the need for coordination and
communication

.

Public acceptance of the lakefront project is also a critical
planning factor. Environmental groups are very concerned about the
disposal of polluted harbor sediments. Other problems relate to the
choice of truck routes and noise and dust created by the construction.
In order to avoid unnecessary delays, the public must be properly in-

formed and permitted to assist in the planning process.

The planning process was assessed by CCDDP and a checklist was
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prepared including 19 functional steps. Development of preliminary-
plans, approval by the City Mayor, detailed data collection and engi-
neering studies, public relations, and preparation of contract and le-
gal documents are some of the work items. A complete list is included
in Appendix B.

10.2.9 Conclusions

a. The City of Chicago Department of Development and Planning
(CCDDP) has promoted an extensive planning effort to utilize large
quantities of rock and soft ground muck from proposed deep tunnels and
subway construction.

b. It was determined by the CCDDP that the most useful and
economical utilization of excavated materials over an extended period
of time would involve the development of lakefront land areas.

c. Based on the decision in (b) above, a comprehensive study
was completed to develop land forms and associated construction tech-
niques for optimum utilization of the anticipated materials.

d. A project implementation checklist was prepared for com-
pleting the lakefront program.

10.3 HO. 2 - ATLANTA, GEORGIA

10.3.1 General

In 1965, the Georgia General Assembly created a mass transit
agency, the Metropolitan Atlanta Rapid Transit Agency (MARTA) to de-
velop mass transit plans for the City of Atlanta and the surrounding
counties. This authority was granted the power to plan, design, con-
struct, and operate a rapid transit system within the metropolitan
area of Atlanta. Local county governments of Fulton, Dekalb, Gwinnet,
Clayton, and the City of Atlanta voted to participate in the initial
design phase of the project. The Board of Directors of the MARTA or-
ganization then consisted of members appointed by the participating
local governments. An organizational framework chart for the MARTA
organization is included as Figure 10-5. As a result of a November
1971 referendum, the counties of Gwinnett and Clayton declined to par-
ticipate in the sales tax revenue program but have maintained repre-
sentation on the board.

Parsons-Brinkerhoff-Tudor-Bechtel (PBTB) was initially retained
by MARTA to serve as the general engineering consultant.
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10.3.2 Summary

Prior to 1975, MARTA' s major effort was directed towards comple-
tion of the design for the eastline and westline routes. While no ma-
jor construction contracts have yet been awarded, several smaller
grading contracts for station areas are in progress.

A final environmental impact statement for the Metropolitan At-
lanta Rapid Transit System was filed in May 1973 [10-5] . The state-
ment covered the construction of the total 50 mile system as proposed
by MARTA. Sections of this report described the problems of solid
waste management, particularly the problems of disposal of excavated
materials and debris from construction activities. Preliminary esti-
mates indicate that about 2.26 million cu yd of demolition material
will have to be wasted. Another 7 million cu yd of earth materials
will be excavated. About 1.7 million cu yd of this material will be
re-used in construction; the remainder is scheduled for disposal.

Based on other local construction activity, it appears that the
urban development needs in the Atlanta area will provide a market for
this excess excavation material. The irregular topography in the At-
lanta area requires fill material in order to create level building
sites. At least during the first phases of construction, Atlanta will
be in a unique position: disposal sites will be very close to the ac-
tual construction areas, and costs for disposal will be partly offset
by the sale of material.

10.3.3 Project Description

The overall system involves rapid transit by rail and the devel-
opment of existing busway lines, plus the establishment of several new
express busway lines. Service will be provided from outlying communi-
ties to the downtown central hub area of Atlanta referred to as Five
Points Station. The proposed service routes and the construction se-
quence are shown in Figure 10-6. The initial work will be concen-
trated on the development of the east-west transit line including
branches to Proctor Creek.

The rail line section of the system will comprise 56.2 miles of
dual track rapid rail transit plus 40 stations [10-6] . A summary of
the system components is given below:

Aerial Structure: 19.8 miles of rail and 11 stations

Grade Structure: 27.6 miles and 19 stations

Subway Structure: 8.8 miles and 10 stations

Major subway construction is limited to the downtown area. Aerial and
surface grade systems will be used in the suburbs as shown in Figure
10-7.
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FIGURE 10-7. ATLANTA RAPID TRANSIT SYSTEI1:
[10-7]
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The design and construction schedule for the system depends on
many factors including revenue sales tax plan, funding, transportation
needs, and population growth. The current project master schedule
calls for completion of all design and construction activities by ear-
ly 1980. A breakdown of the construction sequence for each of the ma-
jor routes is shown in Figure 10-8. In order to meet this schedule,
the final design for the entire system has been broken down into indi-
vidual design packages involving short sections of each transit line.
The final design for each of these sections or station facilities will
be accomplished by individual design groups. To date, the general en-
gineering consultant, PBTB , has selected 18 design teams involving
more than 60 firms in order to meet the design and construction sche-
dule.

A document entitled "Bidder Information Pamphlet," was prepared
by PBTB to indicate the planned schedule of construction activity.
According to that document, portions of the east and west line involv-
ing subway and aerial structure construction will be advertised in the
first quarter of 1975 [10-6]

.

10.3.4 Geology and Subsurface Conditions

The topography around Atlanta is very irregular, with many swales
and local depression. Typical surface profiles along the major routes
have been prepared and are shown as Figures 10-9 to 10-13. During the
preliminary design stage, test borings were completed along the
proposed route in order to determine subsurface conditions.

In general, the soil conditions around Atlanta consist of resi-
dual soils and rock. The red "Atlanta Clay" is normally only a thin
surface deposit which is usually removed prior to any building con-
struction. The underlying residual soils are typically classified as
sandy soil containing fractions of both silt and clay. For construc-
tion purposes, these sandy soils behave more like silts.

The rock in the area is generally metamorphic deposits of gran-
ite, gneiss and schist. The rock outcrops are normally much harder
than the same materials which outcrop in the Washington DC area;
however, the quality arid hardness of the deposits do vary locally.

10.3.5 Method of Construction

The MARTA system will be divided into three major types of tran-
sit: (1) aerial, (2) at-grade, and (3) subway. The subway portions
will be constructed by cut and cover or tunneling methods. Typical
examples of each style of construction are illustrated in Figures
10-14, 10-15, and 10-16. Construction of the aerial line will involve
little or no excess excavated materials. Construction of the at-grade
line will involve a minimum of excess fill materials since the line is

designed as a balanced cut and fill operation. Subway construction
will be the primary source of excavated materials.

j)
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FIGURE 10-9. TYPICAL PROFILE - WEST LINE [10-6]

SOURCE: PBTB ; p. iii
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FIGURE 10-10. TYPICAL PROFILE - PROCTOR CREEK BRANCH [10-6]

SOURCE: PBTB; p. iv
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FIGURE 10-16. TYPICAL SUBWAY SECTION - CUT AND COVER [10-6]
SOURCE: PBTB; p. xii
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At the present time, major design efforts are concentrated on the
east-west line where a minimum of tunneling will be required. Fur-
thermore, most of the downtown area subway work will not be initiated
until 1976 [10-6] . The major area of rock tunneling will occur in the
downtown Atlanta area along Peachtree Street. Along this stretch the
subsurface profile consists of approximately 10 to 15 ft of soil over-
lying bedrock.

10.3.6 Types of Muck

Three general types of muck or excavated materials will be pro-
duced from the MARTA construction: (1) demolition debris, (2) earth
excavated materials, and (3) rock excavated materials. These exca-
vated materials will be produced from two general classes of construc-
tion :

a. Solid waste generated by demolition or land taking within
rapid transit right of way.

b. Solid waste generated by construction of the rapid transit
system.

The demolition waste and debris will consist of such materials as
brick, wood, glass, aluminum, stone, and metal. A preliminary analy-
sis of the number of structures which had to be removed from the right
of way indicated that a total of about 3.16 million cu yd of debris
would be produced. It is estimated that about 30 percent of this ma-
terial will be recoverable for other uses, A breakdown of the quanti-
ty of debris to be produced from each line is shown in Table 10-3.
The non-recoverable waste, amounting to about 2.3 million cu yd, is
scheduled for disposal in the Atlanta area at various landfills or
other approved disposal sites such as abandoned quarries.

The soil and rock materials to be removed during construction of
the subway, aerial, and at-grade structures amount to approximately 7

million cu yd. It is estimated that 25 percent, or 1.75 million cu yd
of this material will be suitable for backfill. This material will be
utilized as part of the 4.5 million cu yd of backfill material re-
quired for (1) construction of railroad embankments, (2) backfill
around at-grade structures, and (3) general site grading for parking
and yard areas. The remaining 5.25 million cu yd of excavated soil
and rock will require disposal outside the MARTA right of way.

All estimates of muck quantities are preliminary because each of
the design teams has the privilege of changing grades from the origi-
nal master plan prepared by PBTB. Thus the actual quantities of fill
or surplus excavated material cannot be determined until the final de-
sign for each section has been prepared and submitted. These quanti-
ties are currently under study and in particular the quantity of deb-
bris materials is being carefully analyzed in order to establish en-
vironmental impact.
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TABLE 10-3. QUANTITIES OF DEMOLITION WASTE MATERIAL WITHIN
MARTHA'S RIGHT OF WAY [10-5]

SOURCE : UMTA

Quantity of Waste Material, Cu Yd

Section of
Transit Line

Total Recove rable Waste

Central 390,000 123,000 267,000

East 920,000 187,000 733,000

South 562,000 185,000 377,000

West 623,000 165,000 458,000

Northeast 491,000 170,000 321,000

Northwest 29,000 9,000 20,000

Southwest 15,000 9,000 6,000

Tucker-North Dekalb 66,000 26,000 40,000

Proctor Creek 61,000 23,000 38,000

TOTALS 3,157,000 897,000 2,260,000

10.3.7 Contract Documents

A standard set of General and Technical specifications has been
prepared for use in coordinating construction activities [10-7] . The
technical specifications cover items such as site preparation, con-
struction of embankments and drainage facilities, cut and cover exca-
vation for stations, concrete aggregate, and other civil work items.
The general provisions cover the legal and contractual items such as
bidding requirements, scope of work, control of materials, and legal
responsibilities. Supplemental specifications will be prepared as re-
quired in order to control the many construction contracts.

A review of the specifications with regard to disposal of muck
and excavated materials indicated the following significant factors:

a. In several sections the specifications require that soil
materials taken from excavations should be re-used as backfill unless
the engineer determines the material unsatisfactory.

b. When surplus or unsuitable materials are produced from ex-
cavation work, the contractor must find his own method for disposal of
the materials outside the MARTA right of way.

c. During construction, the contractor is required to control
erosion, pollution of streams, noise, and dust in accordance with lo-
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cal, state, or Federal requirements, whichever is the most restric-
tive. Control over erosion, dust, and other potential pollution prob-
lems is covered in the general provisions (Section a 7) and is rein-
forced in the technical provisions.

The re-use of excavated materials is most appropriate to the muck
utlization concept. The general provisions (Section A6) state that
the contractor may supply aggregate or borrow materials from any
source, except when a mandatory source is designated in the supplemen-
tal specifications. The technical provisions (Section B3) further de-
fine six classes of embankment and subgrade materials which are used
for structure backfilling, foundation backfill, and embankment con-
struction. The materials must meet specification tolerances for
gradation, volume change, and density, but the source is not re-
stricted.

Unsatisfactory materials resulting from track excavation may be
utilized to flatten the slopes of embankments or for other grading
purposes. The engineer generally determines when material is unac-
ceptable for construction. The specifications therefore emphasize the
intent to utilize or save available excavated materials rather than
automatically discard them as waste products.

10.3.8 Potential for Utilization of Excavated Materials

The initial construction effort will be concentrated on the east-
west line where approximately 20 percent of the route length will in-
volve tunneling or cut and cover construction. Thus the net overall
surplus of excavated material will be small. Much of the route will
be constructed at-grade where a balanced cut and fill design will uti-
lize excavated materials as much as possible. nevertheless, there are
two specific instances where surplus excavated materials will be uti-
lized as fill materials.

The Avondale Yard, located on the east line, will require fill
materials to raise the grade of the car storage yard. It is antici-
pated that much of the fill will be obtained from adjacent subway con-
tracts, particularly from the tunneling and station construction at
the Decatur Station. Design of the yard area is not complete so that
final quantities have not been established.

The Proctor Creek Branch splits from the west line at Washington
Park. The line crosses the park as a depressed structure. To cover
the structure and at the same time enlarge the park grounds, excavated
materials from the adjacent tunneled section of the west line will be

used to raise the park grade approximately 20 ft.

Further north on the Proctor Creek Branch, the line crosses an

active rock quarry. An agreement has been reached between the quarry
operator and MARTA such that the rock in the MARTA route will be ex-

cavated by the quarry operator prior to MARTA construction.

The irregular topography in the Atlanta area requires fill mate-
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rials for site development. Based on past construction history, it is
anticipated that the demand for fill will absorb any surplus excavated
materials. In addition, there are several abandoned quarries which
could be used as disposal sites.

Eventually the I1ARTA system will be expanded to service the At-
lanta Airport as shown in Figure 10-6. The approach to the airport
will be underground and construction will be accomplished by tunneling
or cut and cover methods. In either case, excavated materials can be
utilized at the extensive 3800 acre Atlanta airport [10-8] . In recent
years, the facilities have been expanded and rough site grading has
involved the placement of more than 15 million cu yd of fill. Final
site grading could easily absorb several million cu yd of fill.

10.3.9 Utilization Restrictions or Difficulties

The problem of solid waste management was reviewed in the Final
Environmental Impact Statement [10-5] . Solid waste disposal is reg-
ulated by the Georgia Department of Natural Resources and is subject
to compliance with the following laws:

a. "Rules and Regulations for Solid Waste Collection and Dis-
posal," Chapter 270-5-26 of the Georgia Code Annotated.

b. "Solid Waste Management Act 1486," Georgia Laws, 1972.

c. "Rules and Regulations Pursuant to Section 4A of Solid
Waste Management Act of 1486," Georgia Laws, 1972 (when adopted).

These laws require that the contractor submit detailed plans for
disposal of solid wastes which are safe, non-obtrusive, environmental-
ly sound, and in accordance with applicable local, state and Federal
regulations. During the final stages, PBTB will re-analyze and update
the anticipated volumes of material to be produced from each contract
section. These design quantities will be useful in appraising the
overall solid waste disposal problem, but the Standard Specifications
and the Georgia Laws will ultimately compel the contractor to take
proper care of the disposal program.

In a technical or market place sense, there are likely to be few
problems associated with actual disposal of materials from the MARTA
construction. Access to some disposal sites such as county landfills
may be restricted by local opposition. Opposition has already been
voiced and, as a result, one landfill site will be closed to disposal
of MARTA debris. Because of the refusal to commit sales tax funds for
MARTA activities, Gewinnett and Clayton Counties may resist disposal
of construction debris within their borders.

At the present time, no plans have been prepared for utilization
of excavated materials from rock tunneling operations along the north
line beneath Peachtree Street. Abandoned quarries, private develop-
ment, and the airport are potential disposal sites. However, the an-
ticipated high cost of trucking material 10 or 12 miles may eliminate
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the airport as a disposal site. It is possible that the rock muck
might be utilized as track ballast, but additional studies would be
required to confirm the rock quality.

The scheduling of the entire project is affected by Federal fund-
ing. In response to an initial request for $237 million for construc-
tion funds, only $80 million was granted [10-9], MARTA has three op-
tions available: (1) extend the duration of the local sales tax, (2)
issue more bonds, or (3) stretch out the construction schedule. At
the present time no reduction in the scope of work is anticipated.
The reduction in the level of funding could result in a change in con-
struction contract scheduling and thus affect muck utilization plans.
For example, an excavation contract may proceed, but delay of a fill
contract would preclude the use of the surplus excavated material as
backfill. Or a fill contract might not have the material available
from a delayed excavation contract.

10.3.10 Conclusions

a. No immediate muck utilization and/or disposal problems
exist in the Atlanta area. Demand for fill materials on private pro-
jects will absorb the surplus material produced by MARTA construction.

b. Disposal of demolition debris is regulated by state and lo-
cal ordinances. Some resistance to the use of local landfills has de-
veloped, but MARTA engineers are studying the problem.

c. Project specifications generally require that all excavated
materials acceptable to the engineer be re-used in the construction.

d. A decrease in the anticipated level of Federal funding may
affect the entire project schedule. In turn, the changes in schedule
may affect construction schedules and the ability for re-use of mate-
rials on adjacent projects.

10.4 NO. 3 - BALTIMORE, MARYLAND

10.4.1 General

The City of Baltimore is embarking on the construction of a to-
tally new mass transit system (Baltimore Region Rapid Transit System

—

Phase 1) . Principal organizations involved in the project are listed
below

:

Owner: Mass Transit Administration (MTA)
State of Maryland
Department of Transportation

General Design Consultant:
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10.4.2 Summary

The design work for some sections of the system has been com-
pleted; other sections are near completion. The first major construc-
tion contract was awarded in late fall of 1976. Work on one station
entrance, a ground breaking contract, has already been completed.

A final Environmental Impact Statement (EIS) has been submitted
and the overall transportation plan has been approved by all state and
local government bodies [10-10]. The problem of muck disposal has
been addressed in one section of the EIS entitled "Disposal of Mate-
rial to be Excavated."

According to initial estimates, approximately 2 million cu yd of
material will be produced from the approximately 4 miles of subway and
cut and cover stations planned for Section A of Phase 1 [10-10]. Pre-
liminary studies had indicated that excavated materials could be uti-
lized as fill at the Baltimore-Washington International Airport and
for development of harbor facilities for the Maryland Port Administra-
tion. Subsequent developments indicated that excavated materials
might be utilized for parkland development and that utilization of
large quantities of fill at the airport appeared unlikely.

In early 1976, the design effort in Baltimore had reached the
state where utilization of tunnel muck could be achieved with a con-
centrated planning effort. At that time, Haley & Aldrich, Inc., work-
ing under an on-going contract with the U.S. Department of Transporta-
tion and with the consent of the MTA, undertook a study to develop and
implement a muck utilization program for the proposed subway construc-
tion in Baltimore. The planning concepts described in this report
were employed and a muck utilization plan (described hereinafter) was
finalized for Phase 1, Section A. The plan is currently being incor-
porated into the project's contract documents by the MTA and their
general consultant, DMJM/KE.

10.4.3 Project Description

Plans and construction activities for the City of Baltimore's ra-
pid transit system are concentrated on the development of the north-
west and south service corridors, identified as Phase 1.

Phase 1 will eventually require the construction of 28 miles of
transit line in the following general proportions:

subway 9 miles

aerial structure 9 miles

ground level 10 miles

Twenty stations will also be built as part of Phase 1 construction.
The approximate locations of the various types of construction are
shown in Figure 10-17. Additional general information about the tran-
sit system is provided in Figure 10-18.
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design will offar weather protection, escalators, stairs and/or elevatoi s to

move patrons to the train platforms.

All station exteriors will be landscaped and aesthetically conform to

neighborhood environs.

All route trackways will be safety protected from unauthorized entry.

Inside station building, public or free area, design features will include:

Public telephones

Security system

Ticket and change vending machines

Direction?! signing

Bus transfer machines

Information booths

Station attendants

Paid area of the station arid train platform area Is accessible to only those

patrons using the train service

Train platforms are to be designed as center phtform3 with trains

operating on both sides end passenger hoarding from confer area for

either direction.

ROUTE DESCRIPTION:

PHASE I — 28 P“ILES:
9 mllf>8 In subway

9 miles on aerial structures

10 miles on ground lovol

NORTHWEST LINE: Extends 14 mllo9 between Owlngs f.'llls In Baltimore County to

Charlos Center In Baltimore City.

SOUTH LINE: Extends 14 mllrs between Charles Center to Baltimore Washington
Airport and Marloy In tho vicinity of Southdala In Anno Arundtl County.

PHASE ! STATIONS — 20:
Station Key: aerlel (a), subway (s), on grade (g), with perking facilities (,»

NORTHWEST L!NE — 11
Owings Mills (g/p)

Old Court (g/p)

Milford Mill (g/p)

Roisterstown (a/p)

Rogers Ave (a/p)

Cold Spring Lane (e/p)

SOUTH LINE — 8
Inner Harbor (s)

Leadenhall (s)

Cherry Hil! (a/p)

Belle Grove (a/p)

CENTRAL STATION
Charles Center (s) — Downtown transfer terminal station

between Northwest and South Lines.

STATION SERVICES:
Stations’ areas are not limited to, but generally include:

Pedes'u ian access from parking lots Kiss and Ride zenes and or feeder

bus stops.

Mondawmln (s)

North Ave. (5)

Lcurens (s)

Bolton Hill (s)

Lexington Market (s)

Fort Meade (a p)

Airport (s)

Glen Burnie (s)

Marley (a'p)

SPECIAL PEATUrtES:
Baltimore's Rapid Transit System will be the thir d system In the U.S. to ba

constructed as a totally new system. Patronage or a drily biais v.:ll

exceed 225,000 riders. All stations will he served by an extensive feeder

MTA bus system. AM stations will provide special handicapped

provisions, l.o., elevators, handrails, texturo surface materials, etc.

FIGURE 10-18. SYSTEM INFORMATION SHEET [10-11]

SOURCE : MTA
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Initial Phase 1 funding and construction activities are limited
to an 8 mile portion of the route from an area just northwest of the
Reisterstown Plaza Station to Charles Center Station. This part of
the route, identified as Section A, consists of the following approxi-
mate breakdown of construction type:

subway 4 miles

aerial structure 3 miles

ground level 1 mile

In order to minimize disruption to the downtown Baltimore area,
much of the route will be constructed as a tunnel. All stations will
be cut and cover construction.

Charles Center Station will be the central hub of the system. An
80 ft deep braced excavation will be required to construct the five
underground floor levels to provide a vertical grade separation be-
tween the north-south and east-west subway lines. All train platforms
will be designed as center platforms with trains operating on each
side and passengers boarding from the center area.

10.4.4 Geology

The geology of the Baltimore area with respect to rapid transit
construction has been described in several reports prepared by Robert
B. Balter, Soil and Foundation Consultants, Inc. [10-12]. The follow-
ing discussion of general geologic conditions has been taken from this
recent series of 1974 general reports.

The Baltimore city area is divided into two major topographic
areas, the Coastal Plain and Piedmont Provinces. The boundary between
the two areas is commonly described as the "fall line," a name derived
from the turbulent flow in streams leading from the higher Piedmont
deposits to the Coastal Plain area. Soil deposits in the Coastal
Plain area normally consist of sand, gravel and clay. The Piedmont
area is characterized by natural soil deposits formed by weathering of
the underlying hard Pre-Cambrian rocks.

Bedrock in the area consists primarily of metamorphic schists and
gneisses and intrusive igneous gabbros. From the upper to the lower
deposits, the bedrock is identified as the Wissahickon formation, the
Cockeysville marble, the Setters formation, and the Baltimore gneiss.
All of these formations and rock types were deposited in the Pre-Cam-
brian Era.

During subsequent geological periods, portions of the Baltimore
land area were raised above the sea and little or no sediments were
deposited. Although glacial ice did not reach Baltimore during the
Pleistocene Age, meltwater streams and rivers deposited sediments con-
sisting primarily of sand and gravel. This sedimentation process has
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been continued to the present as rivers are continually depositing
silt, sand and gravel in the delta areas.

Test borings were completed along the proposed transit route to
identify the particular soil and rock to be encountered during con-
struction. The following paragraphs summarize the anticipated soil
and rock conditions along the Phase 1, Section A route. The Phase 1,
Section A route has been divided into four "Areas" shown in Figure 10-
17.

Area I - Includes Eutaw Place and Dolphin Street to the portal at
the Western Maryland Railroad; (Sta. 71 + 00 to Sta. 228
+ 00 )

Area II - Includes Baltimore and Frederick Streets to Eutaw Place
and Dolphin Street; (Northwest Line Sta. 0 + 00 to Sta.
71 + 00 and Northeast Line Sta. 0 + 00 to Sta. 17 + 00)

Area III - Includes the portal at the Western Maryland Railroad
to the Baltimore City Limit; (Sta. 228 + 00 to Sta.
400 + 31)

Area IV - Includes the area from the Baltimore City County Line
to the Baltimore Beltway Future Exit Number 19; (Sta.
794 + 75 to Sta. 664 + 00)

10.4.4.1 Area I

The transit route through this area will be tunneled, except for
cut and cover construction at the portal and three station locations.
Test borings indicate that materials which will be encountered include
fill, natural sand and gravel, weathered rock, and sound igneous rock.

In the portal area (Sta. 221+) excavation will encounter fill
materials consisting of a sandy sTlt with clay. Historical records
show fill was placed in 1894. Along the remainder of the route the
tunnel will encounter materials ranging from sound to weathered rock,
sand and gravel, micacious clay, and fine sand. Station excavations
will encounter fill overlying natural soil and weathered rock. The
southerly sections of the route (Sta. 71 to 101) will encounter coarse
sand and gravel.

10.4.4.2 Area II

This section involves construction of an underground transit
route through downtown Baltimore. Both tunneling and cut and cover
construction are contemplated. Soft ground tunneling methods will be
required; open excavations will generally encounter a layer of fill
overlying natural soil consisting of dense sand and gravel deposits
with lenses of silt or clay.
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10.4.4.3 Area III

Most of the route in this area will consist of an aerial struc-
ture; the remainder will have an at-grade design. Natural soils
formed from weathering of the parent rock generally consist of coarse
to fine sand and clayey silt overlying shallow bedrock. Rubble fill
was found from Sta. 223 to 245.

10.4.4.4 Area IV

The transit line will be a surface line throughout this area.
The line will require cut and cover sections of less than 20 ft verti-
cal dimensions. Soil types generally consist of coarse to fine sand,
sandy silt, and silty clay. These natural soils were formed by weath-
ering of the parent bedrock.

10.4.5 Muck Utilization Study

The study undertaken by Haley & Aldrich, Inc., to develop a muck
utilization plan for the proposed subway construction in Baltimore had
several purposes: (1) attempt to minimize both the costs for disposal
of excavated materials and supply of backfill materials for the MTA
construction and (2) attempt to coordinate with other public, state,
city, and county projects which might benefit from the use of
excavated materials.

The scope of the study included:

a. Establishing a Muck Utilization Coordinating Committee and
acquiring necessary data.

b. Developing muck utilization alternatives and selecting a

muck utilization plan.

c. Preparing and reviewing specifications relative to muck
utilization.

10.4.5.1 Muck Utilization Coordinating Committee

During the initial stages of the study, a coordinating committee,
Muck Utilization Coordinating Committee (MUCC) , of city, county, and
state agencies was formed to review current and future construction
projects. This provided an efficient means of establishing communica-
tion with the various planning agencies and initially identifying pro-
jects which might benefit from a utilization program.

MTA assumed the leadership role. The MUCC was chaired by Mr.

Frank Hoppe, Director of Engineering and Construction. Haley &

Aldrich, Inc., served in the capacity of advisors to the MUCC. The

MUCC members were as follows:
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Maryland State Agencies

a. Mass Transit Administration (MTA)

b. Maryland Port Administration

c. State Aviation Administration

d. State Department of Natural Resources

e. Interstate Division Baltimore City

General Consultant

a. Daniel, Mann, Johnson & Mendenhall/ Kaiser Engineers,
General Consultant to MTA

Baltimore City

a. Bureau of Parks and Recreation

b. Bureau of Construction Management

c. Department of Public Works

d. Redevelopment Agency

Baltimore County

a. County organizations similar to those described for Balti-
more City and represented by the County Department of Public Works

10.4.5.2 Muck Characteristics

Aproximately two million cu yd of material will be produced from
the approximately four miles of subway and six cut and cover stations
contemplated in Section A of Phase 1. Approximately 80 percent of the
excavated materials will be earth; the remaining 20 percent will be
rock. Figure 10-19 presents the anticipated volume flow diagram for
these materials. The relative breakdown of the materials for each of
the major construction contracts is shown in Table 10-4.

Laboratory soil tests have been performed on soil samples ob-
tained during the test boring program [10-12]. Standard gradation
tests conducted on these samples indicate that soft ground soils will
range from gravelly coarse to fine sands containing less than 10 per-
cent of material finer than a No. 200 mesh sieve to silty sands con-
taining up to 40 percent finer than the No. 200 sieve. The variety
and range in gradations must be expected due to the method of deposi-
tion of the sediments. The sands and gravels predominate; finer-
grained soils generally occur as lenses and pockets within the granu-
lar mass.

Severely weathered to fresh igneous and metamorpliic rock will be
encountered along portions of the proposed construction.
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FIGURE 10-19. EXCAVATION QUANTITIES
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TABLE 10-4. EXCAVATION AND BACKFILL QUANTITIES

EXCAVATION
(Cu. Yds.)

BACKFILL
(Cu . Yds .

)

COMMON ROCK

Chas. Center Station 254, 000 30,500

Lexington Market Tunnel 46, 000

Lexington Market Station 159, 000 15,500

Bolton Hill Tunnel 218, 000

Bolton Hill Station 140, 000 51, 000

Laurens Station & Line 133, 000 5,000 25,000

North Ave. Station & Line 70, 000 113, 000 15,000

i

i v < uiiuavvmm L.mc o r 9 o r\ /-%

w u VJ
O /» ^ r\ r\ r\

l. n j r
vj vj u

/ r\ a r, o vUju, uuu :

;

Mondawmin Station 95,000 130,000 22,000

Cold spring Lane 15, 000 6,000

Rogers/Re isters town 303, 000 33,000

1,786,000 491,000 198,000*

^'Excludes Mondaivmin Line

(Cut & Cover Portal)

10.4.5.3 Investigation of Muck Utilization Alternatives

Four projects were ultimately identified as potential disposal
sites in the utilization program. These are described in detail in
the following section of this report.

Many other Baltimore city and county agencies were interviewed
and current and proposed projects were investigated in an attempt to
locate prime candidates for the utilization program. A summary of the
projects and agencies investigated is included in Table 10-5.

Projects investigated included filling or supplying of cover
materials for city and county landfill operations (Cherry Hill land-
fill and Patapsco landfill), supplying fill for the harbor landfill at
Hanover Street, supplying broken rock for the ongoing city erosion
control program, and supplying fill for proposed future projects such
as the middle Branch Park. For various reasons, none of these pro-
jects proved to be suitable. For example, discussions with city and
county agencies indicated that no additional materials were required
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TABLE 10-5. SUMMARY OF PROJECTS IDENTIFIED FOR MUCK UTILIZATION
PROGRAM - PHASE t , SECTION A, BALTIMORE REGION
RAPID TRANSIT SYSTEM

Organisation

City of Baltimore:

a. City Planning

b. City Planning

c. HCD (See letter -

Appendix B

)

d. Public Works

Dept. (See

letter - Appendix

B)

c. City Planning

Baltimore County:

a. Public Works
Dept. (See letter -

Appendix B)

State of Maryland:

a. Interstate Division

Baltimore City

b. Maryland Port

Administration

c. State Aviation

Administration

d. Mass Transit

Administration

Potential Muck
Utilization Project

Middle Branch Park

(Harbor landfill)

Erosion Control

(Crushed stone slope

protection)

Coldspring - Quarry

Backfill

D.P.W. Projects

Carlin's Property

(Fill for future site

development)

Sanitary Landfill

Highway

Harbor Landfill

Landfill

Temporary backfill stock-

pile at proposed Reisterstown

Station site

Feasibility

Conceptual idea; not

funded for further study

Coordination and

funding problem

City negotiating with

MTA

No fill needed

Land acquisition

incomplete

Muck too pervious for

final cover material

Already faced with

disposal of surplus

material

Land acquisition

incomplete

Airport expansion plans

indefinite

Plans submitted to MTA
for review and approval

IV. Private Sector:

a. Sand & Gravel Construction Materials "Third party"

Suppliers contractural problems

b. Baltimore Gas & Spring Garden Station BG&E negotiating

Electric Co. (Harbor landfill) with MTA
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for the ongoing city landfill projects. Wo significant roadway con-
struction projects requiring backfill were located. In fact, the re-
cent highway construction along the Franklin Mulberry Corridor pro-
duced a general surplus of earth materials.

Supply of excavated materials to private sector operations such
as sand and gravel plants was also investigated. However, "third
party" contractual problems developed, represented by MTA interference
between a general contractor's construction progress and the rate of
supply promised to a private party. Thus, the "sale" of material by
the MTA to a private party was not acceptable, although the potential
for such an agreement was identified.

10.4.5.4 Recommended Utilization Projects

The proposed muck utilization program was formulated in an at-
tempt to account for disposal of all excavated materials and re-use of
some materials for MTA construction purposes. Several of the im-
portant criteria which were used in screening appropriate projects in-
cluded ownership of the land, relative timing of the MTA construction
versus proposed backfilling projects, successful application for per-
mits (for harbor filling, for instance) , and relative costs for trans-
port of excavated MTA materials to the disposal site. On the basis of
these screening criteria, it was determined that the following pro-
jects deserved further consideration.

a. Reistertown Station Area . Approximately 5 acres of a 36
acre parcel of land owned by the MTA were available as a stockpile
area for future station backfill materials. About 128,000 cu yd of
backfill would be stockpiled at the site (Refer to Table 10-6)

.

b. Coldspring Housing Project . The City of Baltimore Depart-
ment of Housing and Community Development has planned the Coldspring
Housing project and will require earth or rock fill materials to back-
fill an abandoned quarry. From 150,000 to 500,000 cu yd of fill are
needed (Refer to Table 10-7).

c. Baltimore Gas and Electric Co . The Baltimore Gas and Elec-
tric Co. is currently constructing a landfill at the Spring Garden
Station. The land is being created by filling in about 7 acres of the
Baltimore harbor shoreline. About 100,000 cu yd of materials are re-
quired (Refer to Table 10-8).

d. Maryland Port Administration . The proposed development of
the Brooklyn-Masonville area by the Maryland Port Administration will
involve construction of a major landfill. Preliminary estimates indi-
cate that, several million cu yd of fill are required (Refer to Table
10-9)

.

The general location of each proposed utilization site is shown in
Figure 10-20. Additional details of the projects and their relation-
ship to the MTA construction project are presented in the following
sections

.
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TABLE 10-6. SUMMARY OF PROPOSED MUCK UTILIZATION
PROGRAM - REISTERSTOWN PROJECT

G oal: Stockpile fill material for reuse on MTA projects.

Source of Material: Bolton Hill Station.

Quantity: 140,000± cy of earth.

Reuse of Material: 1. Bolton Hill Station

(Backfill for MTA project} 2. Lexington Market Station

3. Laurens Street Station

4. North Ave Station

5. Mondawmin Station

Economic Advantage: Reduce disposal cost and cost for backfill.

Project Status: Plans and specifications were developed for review by

MTA and General Consultant, DMJM/KE.
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TABLE 10-7. SUMMARY OF PROPOSED MUCK UTILIZATION
PROGRAM - COLDSPRING PROJECT

Goal: Backfill abandoned quarry as part of a planned housing development.

Source of Material: Mondawmin Line and Station.

Quantity and Type of Material: 165,000 to 500,000 cy of earth and rock.

Reuse of Material: No reuse of material; permanent filling of abandoned quarry.

Economic Advantage : Reduce disposal cost for MTA and provide backfill for

Baltimore City Project.

Project Status: MTA to negotiate an agreement with the Baltimore City

Department of Housing and Community Development to clarify

responsibi lities.
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TABLE 10-8. SUMMARY OF PROPOSED MUCK UTILIZATION PROGRAM
- BALTIMORE GAS AND ELECTRIC CO.

Goal: Disposal site and potential stockpile area, by developing landfill,

in harbor.

Source of Material: Charles Center Station.

Quantity and Type of Material: 100,000 cy of earth.

Reuse of Material: Backfill Charles Center Station and construction of

permanent landfill.

Economic Advantage: Reduce disposal cost and provide backfill for MTA and

provide acceptable fill material for BG&E.

Project Status: Maryland Department of Natural Resources has given approval

for use of earth as underwater fill behind rubble dike barrier.

Further negotiation with BG&E required.
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TAB:,3 10-9. SUMMARY OF PROPOSED MUCK UTILIZATION
PROGRAM - MARYLAND PORT AUTHORITY

Goal: Provide fill for use in major landfill and harbor facilities project.

Source of Material: Entire MIA project.

Quantity and Type of Material: 5,000,000± cy of earth and rock.

Reuse of Material: Permanent backfill operation with potential for

stockpile area.

Economic Advantage: Provides a convenient disposal and stockpile area

for the MIA plus acceptable fill for port development

at significant cost savings.

Project Status: Preliminary engineering agreement on use of material but

Maryland Port Administration must complete land acquisition

process before utilization plans can be finalized.
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FIGURE 10-20. MUCK DISPOSAL SITES
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LEGEND
jt
/rate?

REISTERSTOWN - Stockpile excavated earth

materials (130,000 c.y.) from Bolton Hill

Station on 5. 0± acres of Reisterstown Plaza
Station site. Stockpile to serve as source of

backfill material for Mondawmin, North Ave.,
Laurens Street, Bolton Hill and Lexington

Market Stations.

O COLDSPRING - Backfill abandoned quarry

(150,000 + c.y.) in connection with pro-

posed Coldspring Housing Development.

O B.G.&E. - Provide fill (100,000 ± c.y.)

for harbor landfill at Baltimore Gas &
Electric Co. Spring Garden Station. Use
landfill site to store additional excavated

earth materials for subsequent use as back-

fill for Charles Center Station.

O P0RT - Provide fill (1,800,000 ± c.y.)

for Maryland Port Administration proposed

development of Brooklyn-Masonville area.

CHARLES CENTER

Proposed station location -

Phase I Section A
Baltimore Region Rapid

Transit System

(CONTINUED)
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It is intended that each utilization project be presented as an
alternative to the traditional procedure of requiring the contractor
to dispose of all materials. The contractor would be informed of the
alternative disposal plans through information and bid items contained
in the contract documents. By preparing alternative items both the
contractor and the MTA have the flexibility to choose the more econo-
mical disposal plan based on actual marketplace costs.

During the study, it was possible to develop more detailed utili-
zation plans for the Reisterstown stockpile project. This development
occurred because the MTA owned the necessary land. Thus, the follow-
ing description of the Reisterstown project contains considerably more
details than the remaining three projects.

10.4.5.4.1 Reisterstown Station Area—Backfill Stockpile

a. Site Location : The Reisterstown parking area will be con-
structed on the Seton Property located at the intersection of Wabash
Avenue and Patterson Avenue, as shown in Figure 10-21. This figure
indicates the current plans for site development as prepared by Baker-
Wibberly Associates, Inc., architects for this particular construction
contract. Note that the proposed stockpile area would cover a future
parking area and a portion of the proposed bus turn-around loop. The
estimated plan storage area is approximately 5.5 to 6.0 acres and is
limited by the existing brook, a sewer line, and by the sloping and
tree covered ground on the northerly side of the site. The future
development plans or guidelines for the site call for the preservation
of as many trees as possible, consistent with parking requirements.
Thus, a section of open meadow land was recommended as the stockpile
area.

The proposed stockpile area slopes gently toward the brook. The
trees and vegetation which have developed adjacent to the brook would
be preserved during the stockpiling operation. Based on recent cal-
culations of the high water flows through the culvert beneath Wabash
Avenue, the site would not be subject to flooding during the design
10-year storm. Thus, the stockpile does not encroach on a floodplain
area.

Access to the site would be gained through a temporary construc-
tion haul road leading directly from Wabash Avenue into the stockpile
area.

The estimated storage volume for this site is controlled by the
boundaries and height of fill. For reasonable fill heights of 25 ft,

the 5.5 acre site could hold approximately 140,000 cu yd of material.
This capacity exceeds the estimated 128,000 cu yds of material needed
to backfill five cut-and-cover stations, as discussed later.

b. Source of Material : Materials excavated from the Bolton
Hill Station were recommended as the backfill source because of (1)

the timing of the construction contract and (2) the quantity and qual-
ity of materials.
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FIGURE 10-21. REISTERSTOWN SITE LOCATION PLAN
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The Bolton Hill Station contract would be the second contract to
be issued for bidding, and the documents could be prepared including
the stockpile option. Thus, the excavation would be completed and the
stockpile built early in the overall Phase 1, Section A construction
program. Subsequent contracts would then be established to utilize
the stockpiled materials for backfill.

The total volume of materials to be excavated at the station was
estimated at 140,000 cu yd. Based on an examination of the soil re-
port prepared by Robert B. Balter, Inc. [10-13, 10-14], a layer of
fill about 7 ft in thickness was found overlying the site. Since
these materials represent potentially unacceptable materials, it was
recommended that they be excluded from the stockpile program. Thus
the total volume of material available for the stockpile would be re-
duced to about 130,000 cu yd, almost exactly matching the estimated
backfill volumes.

The natural soil deposits encountered in the test boring program
were also exposed for inspection and sampling during the construction
of a test shaft at the station location [10-14]. The natural soil
deposits, generally consist of gravelly coarse to fine sand with trace
to little silt content, and thus represent excellent backfill materi-
als .

Gradation curves for typical materials encountered in the exca-
vation of the test shaft were compared against the standard specifica-
tion requirements "structural fill" and "common fill". The results
indicate that the excavated materials will generally satisfy these
specification requirements, as shown in Figures 10-22 and 10-23.

c. Proposed Use of Materials : The Reisterstown site would be
used to store backfill for five stations. The estimated volumes of
backfill are tabulated below:

Station Backfill Quantities (cu yd)

Mondawmin 22,000

North Avenue 15,000

Laurens Street 25,000

Bolton Hill 51,000

Lexington Matket 15,000

Total 128,000
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GRAIN SIZE DISTRIBUTION

COBBLES
GRAVEL

COARSE

J

FINE COARSE

SAND

MEDIUM I FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION STSTEN. CORDS OF ENGINEERS. U S ARur

TYPE III MATERIAL. STRUCTURAL FILL: WELL-TO-
MODERATELY WELL GRADED GRANULAR SOILS.
AS-EXCAVATED, SCREENED Oil BLENDED. project. u IU;

STUDY. BALTIMORE, MARYLAND

FILE no 34GG p« Tg
APRIL 107G

FIGURE 10-22. GRADATION LIMITS OF TYPE III MATERIAL -

STRUCTURAL FILL

GRAIN SIZE DISTRIBUTION

SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SrSEEN. CORDS OF ENGINEERS, U.S ARUY

TYPE I MATERIAL . COMMON FILL : WELL-TO-
MODERATELY WELL-GRADED SOILS CONSISTING
OF SANDS. SILTS AND CLAYS WITH OR WITHOUT
GRAVEL. AS-EXCAVATED, SCREENED OR ULENDED

Dan , fr.T MUCK UTILIZATION

STUDY. BALTIMORE. MARYLAND

3406 »... APRIL 1976

FIGURE 10-23. GRADATION LIMITS OF TYPE I MATERIAL - COMMON FILL
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This estimated quantity agrees with the anticipated 130,000 cu yd of
acceptable materials from the Bolton Hill Station excavation.

d. Stockpiling Procedures : The primary intent of the proce-
dures to be used m creating the stockpile area was to provide a
stable fill area with a minimum of erosion problems. The material
would be placed by end-dumping and spreading in layers about 3 ft in
thickness, with construction access provided by the contractor as re-
quired.

Simple erosion control measures will be implemented, such as pro-
viding a gradient of the top of the fill sloping toward the center of
the fill area, thus minimizing runoff. Runoff on the slopes will be
controlled by spreading a minimum of topsoil on the lower portion of
the slope and seeding the slope to provide surface stability. Runoff
around the perimeter of the area could be checked by baled hay, while
a healthy line of vegetation will be maintained along the existing
stream bank. These general measures were reviewed with the Maryland
State Department of Natural Resources and appear to be sufficient for
the proposed project.

A preliminary site grading plan illustrating the erosion control
measures which were developed with the assistance of DMJM/KE is in-
cluded as Figures 10-24 and 10-25.

e. Economic Comparison : The purpose of providing a stockpile
site for the Bolton Hill Station contractor is to (1) provide a dis-
posal area and (2) create a stockpile for backfill materials. The
economic benefit to the MTA would be accrued in terms of reducing the
contractor's risks and costs associated with normal disposal opera-
tions and then having an assured stockpile of material for use as

backfill

.

In order to provide a cost comparison, it was recommended that
the use of the disposal area be presented to the contractor in the

form of an option. The contract documents would be worded in a manner
which would present two general alternatives such as:

A: Contractor disposal of material and contractor supply of

backfill

.

B: Utilization of Reisterstown site for disposal and backfill
source

.

Under each of the alternatives, a unit pricing schedule would be es-

tablished for (1) disposal of material and (2) supply of backfill.

Thus, upon receipt of bids, the MTA will be able to determine the most
economical alternative.

A preliminary economic comparison including items for two-way

hauling, placement of material in the stockpile, and maintenance of

the stockpile indicated an economic advantage for selection of the

stockpile program (Alternative B) . The final economic comparison

would, of course, be made at the receipt of bids.
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f. Contract Considerations ; In order to include the stockpile
alternative in the Bolton Hill Station contract, the standard specifi-
cations are being revised. A preliminary set of documents outlining
basic changes applicable to the Bolton Hill Tunnel contract was pre-
pared in conjunction with DMJM/KE . The proposed specifications were
included in a "Status Report" prepared by Haley & Aldrich [10-15]

.

Basic changes apply to the presentation of alternative bid items for
muck disposal and supply of backfill, as well as maintenance of the
stockpile area.

Other changes are also required in sections of the contract deal-
ing with the quality of backfill materials. For instance, as already
noted, the contractor will be requested to provide a unit price using
the Bolton Hill stockpile area as an alternative source for backfill.
Since this backfill would be MTA property, the contractor could not be
held responsible for the gradation of the material. However, as noted
previously, the available gradation test data indicate that the exca-
vated materials will satisfy the standard specification requirements
for structural and common backfill. The materials will be cohesion-
less and can be compacted by standard construction equipment, so that
no modification of compaction standards will be required.

The Reisterstown construction contract will also require some
modification in order to alert the contractor to the existence of the
backfill stockpile at the parking lot and bus loop area. However,
since there is ample construction room at the Reisterstown Plaza area,
it is anticipated that staged construction could be used and the
stockpile would not be an obstacle at that construction site.

g. Conclusions and Recommendations : Based on the required
needs for backfill on the MTA project and the anticipated economic ad-
vantage for the use of a stockpile site, it was recommended that the
Bolton Hill Station contract be modified to include a provision for
the Reisterstown stockpile program. The contract package will be
structured to provide for alternative choices between disposal of ex-
cavated materials and supply of backfill totally by the contractor's
methods versus disposal of materials and supply of backfill at the
proposed Reisterstown stockpile. Thus, the relative prices of the al-
ternative methods can be readily evaluated and the most economical
choice can be made by the MTA.

10.4.5.4.2 Coldspring Project

a. Summary : The City of Baltimore is currently planning and,
in fact, has already begun phased construction of a new in-town com-
munity, referred to as the Coldspring Project, in northwest Baltimore
as shown in Figure 10-20. As part of this new development, it is
planned to construct high rise apartments around the periphery of an
abandoned water-filled quarry. The quarry itself would serve as a

recreational lake. In order to achieve a planned lake depth of 10 ft,
it will be necessary to fill the quarry. It is proposed that exca-
vated rock from the Mondawmin Station and/or tunnel excavations be
used for the quarry fill. A complete description of the Coldspring
project can be found in a report prepared by Moshe Safdi, architect
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for the project [10-16]

.

b. Proposed Utilization Plan ; It was recommended that exca-
vated materials from the MTA project be supplied to the City of Balti-
more for use in backfilling the Coldspring quarry in the development
of a recreational lake. The basic premise of this utilization program
is to minimize both the cost of disposal of materials to the MTA and
the cost of obtaining fill materials by the City of Baltimore.

Haley & Aldrich, Inc. reviewed details of the Coldspring project
with the City of Baltimore Department of Housing and Community De-
velopment (HCD) . Plans relative to housing design and related im-
provements in the quarry area have not been finalized to date. Thus,
final elevations including design lake bed elevation have not been
set, and the exact volume of fill required to fill the quarry is un-
certain at this time. However, the City has indicated that at least
some of the required filling could take place prior to these determin-
ations .

Based on topographical plans supplied to Haley & Aldrich, Inc. by
Mr. Merrill, an estimate was made of the volume of fill materials re-
quired to backfill the quarry to selected elevations. The results are
presented in Figure 10-26. HCD has indicated that the lake bed level
could range between El. 120 and El. 160; corresponding fill volumes
could range from 165,000 to 525,000 cu yd. At this time, HCD is
willing to fill the quarry to El. 120 and, therefore, about 165,000 cu
yd of fill will be required (possibly as a first phase filling opera-
tion) .

Both excavated earth and rock materials from the MTA project will
comply with the Coldspring project specifications for quarry fill [10-

17], Rock is favored for the quarry fill, at present, due to:

a. The proximity of the quarry to the construction sites for
the Mondawmin Station and/or Tunnel portal

b. The possibility of placing an underwater fill in the quar-
ry, thus minimizing dewatering costs

The City of Baltimore ’has agreed in principle to the recommended
utilization plan. The MTA and City will have to refine details rela-
tive to coordinating disposal at the Coldspring project and discuss
formulation of an agreement between the MTA and City relative to the

utilization program outlined.

10.4.5.4.3 Baltimore Gas and Electric Co. - Landfill

a. Site Location: The Baltimore Gas and Electric Company
(BG&E) has obtained the required permits for construction of a land-

fill at the Spring Garden Station located on the Middle Branch of Bal-

timore Harbor, as shown in Figure 10—20. About seven acres of the

harbor will be filled to create additional storage area for utility

equipment and materials.
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According to the requirements of the fill permits, materials used
in the landfill must consist of clean rubble fill such as broken con-
crete or bricks from building demolition projects. Construction of a
rubble fill access dike perpendicular to the shoreline has been ini-
tiated.

b. Source of Materials ; It was proposed that materials exca-
vated from the Charles Center Station be used in the BG&E landfill
program. The materials would consist of inorganic soils such as
gravelly sands, sandy gravels, or silty sands which have been identi-
fied by the test borings at the Charles Center Station site [10-18]

.

c. Potential Use : The excavated materials would be used as
general fill in the BG&E landfill. After completion of the landfill,
it was proposed that sufficient material be stockpiled on the landfill
for re-use as backfill at the Charles Center Station. The temporary
stockpile would also serve as a surcharge load and help to stabilize
the long-term settlement of the BG&E landfill.

Preliminary approval has been obtained from the Maryland Depart-
ment of Natural Resources for use of earth materials from the MTA con-
struction as fill in this underwater fill project, provided that the
material is contained within a dike. The diking procedure is compati-
ble with BG&E plans for site development.

d. Quantity of Materials ; The estimated volume of excavation
at Charles Center Station is 254,000 cu yd. About 30,000 cu yd of
backfill are required.

The BG&E landfill will probably require a minimum of 100,000 cu
yd; the final volumes will depend on the effects of displacement and
settlement during filling. The station contractor would be required
to dispose of the surplus material either at another utilization site,

such as the Port, or by his own methods.

e. Conclusions and Recommendations ; The proposed filling and
stockpiling program would provide the MTA with a disposal and stock-

pile area close to the Charles Center Station and would provide BG&E

with a preferred fill material rather than miscellaneous rubble fill

delivered over a shorter time frame.

Additional negotiations between the MTA and BG&E are underway to

establish a working agreement.

10.4.5.4.4 Maryland Port Administration

a. Summary: The Maryland Port Administration has been plan-

ning a long-term harbor development program involving a major landfill

operation at the Brooklyn Masonville site shown in figure 10—20. How-

ever, since the Port has not yet purchased the property, site develop-

ment plans have not been advanced beyond the preliminary stage. ihe

tentative timetable for land acquisition indicates that land purchase

may be completed during the spring of 1977.
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More than 200 acres of land would be developed through a combina-
tion of grading of existing contours and placement of underwater fill
out to the bulkhead line. Preliminary engineering studies completed
by the Port indicate the need for five million cu yd of fill mate-
rials .

b. Proposed Muck Utilization Program : The potential for use
of tunnel muck in the harbor development plan has been reviewed with
representatives of the Port and MTA. Agreement was reached, in prin-
ciple, that a muck utilization program would be very compatible with
the harbor development plans and the transit construction program.
Both earth and rock materials would be acceptable as fill materials.
Also, sufficient area is available for creation of a stockpile for
future backfilling needs.

Continued discussion and negotiation between the MTA and the Port
are required in order to establish a working agreement, pending suc-
cessful land purchase arrangements by the Port.

10.4.6 Conclusions

The study of alternative methods of disposal or utilization of
materials excavated from the construction of Phase 1, Section A, rapid
transit tunnels and stations was completed by Haley & Aldrich, Inc.

,

as part of a research and development program sponsored by the United
States Department of Transportation, Urban Mass Transit Administration
through the Transportation Systems Center.

It was concluded that:

a. Utilization of excavated materials is feasible and offers
benefits to both the MTA and other city and state organizations cur-
rently planning landfill projects.

b. The anticipated materials will consist of soil and broken
rock which will be suitable for use as backfill on construction pro-
jects. Soil materials will range from gravelly sand to silty sand,
while rock will range from soft, moderately weathered schist to very
hard, fresh gabbros and amphibolites.

c. Coordination of the rate of production of excavated mate-
rials with the rate of use is a controlling aspect of any utilization
program. Therefore, the proposed utilization projects were selected
for compatibility with "stop and go" rates of delivery of fill mate-
rials .

The MTA is providing follow-up support on the four utilization
projects, as described in Section 10.4.5.4 of this report. This ef-
fort includes completion of formal agreements with other agencies,
where required, and adjustments to the standard MTA construction docu-
ments to establish alternative muck disposal programs.
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11. SUMMARY OF CONCLUSIONS

The principal conclusions of this study are summarized below:

11.1 TRADITIONAL PRACTICE OF MUCK UTILIZATION

Traditionally, very little if any planning for utilization of
tunnel muck has been undertaken by transit agencies in the United
States. In most cases which were investigated, the tunneling contrac-
tor, or trucking subcontractor, becomes the "owner" of the excavated
muck materials, often resulting in sporadic planning efforts for dis-
posal. This "unplanned" approach by contractors frequently results in
arbitrary landfill uses for the muck. In many instances, a poten-
tially valuable material is wasted, without any consideration for its
use.

Detailed analysis of three current muck utilization case studies
indicates that a lack of planning and rigid material specifications
are the main reasons for arbitrary utilization of muck as landfill.

11.2 TECHNICAL ASSESSMENT OF MUCK PROPERTIES

The technical assessment of muck properties requires completion
of a thorough subsurface exploration and laboratory testing program
and an evaluation of the probable excavation methods. The wide range
of construction equipment and methods available today can produce a

wide variety of muck gradations. Current field exploration and labor-
atory soil and rock testing methods are adequate for evaluating engi-
neering properties of muck. In some cases, additional explorations or
modifications of standard sampling techniques may be necessary for re-
trieving large sample quantities for laboratory testing. The esti-
mated costs for additional field exploration and laboratory testing,
compared with standard design costs, are summarized in Table 4-12. A
minimum additional cost for evaluating muck potential for landfill
will usually range from 1 to 3 percent of standard subsurface explora-
tion costs. These costs will increase substantially, to 30 or even 50

percent of standard subsurface exploration costs, when evaluating
specialized utilization programs.

The potential uses for muck can be divided into two general cate-
gories: (1) construction material, and (2) specialized uses. Use as

a construction material involves a wide variety of placement tech-
niques ranging from engineered, compacted fill to uncontrolled fill.

A few examples of specialized uses include the manufacture of fired
clay products, lightweight aggregates, portland cement and pavement
base course materials. Table 5-1 gives a detailed listing of the

various potential uses and ranks the suitability of different muck
types for each use. If warranted, the engineering properties of muck
can be improved for a particular use by implementing many of the stan-

dard techniques used in the foundation construction industry.
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11.3
MUCK UTILIZATION PLANNING CONCEPTS

Prior to the direct planning for muck utilization, the contin-
gency problems related to subsurface conditions, method of construc-
tion, delays in construction program, and satisfying utilization
specifications must be considered. Thorough planning and flexibility
can minimize the potential problems.

As described in Section 7, completion of six planning steps are
required for developing technically suitable muck utilization plans.
These steps are summarized below:

a. Establish route alignment and complete preliminary test
borings

.

b. Conduct preliminary muck evaluation.

c. Complete subsurface and laboratory testing.

d. Evaluate probable method of construction and muck charac-
teristics .

e. Evaluate potential uses for the muck.

f. Prepare recommendations.

The development and implementation of a muck utilization program
is symbolized by three key elements: education , planning , and commit-
ment . First, the transit authority must realize the potential value
of the excavated materials (education) . Second, a program must be un-
dertaken for the purpose of developing the potential muck utilization
schemes (planning) . Third, and most important, the muck utilization
scheme (s) must be reflected in the contract documents for purposes of
bidding and construction (commitment) . It is recommended that a Muck
Utilization Coordinating Committee (MUCC) be established to implement
the muck utilization program.

11.4

HANDBOOK EVALUATION

A handbook, which provides a concise description of the muck uti-
lization concepts, was developed during the course of the overall
study. Prior to final preparation, the handbook was reviewed by var-
ious transit authority personnel. Section 9 of this report summarizes
the comments and suggestions which were received.

11.5

EVALUATION OF PLANNING CONCEPTS BY CASE STUDY

An investigation of the muck disposal planning efforts for three
U.S. cities illustrates that a meaningful and practical approach to
the problem of muck utilization can be implemented. These cities.
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Chicago, Atlanta, and Baltimore, are currently expanding existing
facilities or constructing new rapid transit systems. The planning
concepts described in this report were implemented and a muck utili-
zation plan was developed for a portion of the proposed rapid transit
construction in Baltimore.
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APPENDIX A

RESPONDENTS TO SURVEY AND SURVEY FORM

A two page survey, attached at the end of this appendix, was

distributed to owners, contractors, engineers, and planning agencies.

The 75 responses were received from nineteen organizations as follows

Owners

Contractors

Engineers

Planning Agencies

No.

U.S.

0

7

6

1

Organizations

Foreign

1

1

3

0

No. Responses

U.S. Foreign

0 1

25 27

13 7

2 0

The following lists all those organizations who reported:

I . United States

Bauer Engineering, Inc.

20 N. Wacker Drive

Chicago, Illinois 60606

Bechtel Corporation

Box 6189

Ben Franklin Street

Washington DC 20044

Expressway Constructors

P.O. Box 2748

Arlington, Virginia 22202

Granite Construction Company

P.O. Box 5038

Austin, Texas 78763
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Greenfield Construction Company, Inc.

Box 2185

13040 Merriman Road

Livonia, Michigan 48151

S. A. Healy Company

Box 11

McCook, Illinois 60525

Mason & Hanger - Silas Mason Company, Inc.

437 Madison Avenue

New York, New York 10022

A. A. Mathews, Inc.

41 W. Santa Clara Street

Arcadia, California 91006

also

230 Park Avenue

New York, New York 10017

Metropolitan Sanitary District of Greater Chicago

101 Ontario

Chicago, Illinois 60611

Moramer & Hartnell, Inc.

4716 S Street

Kenilworth, Washington DC 20027

Nello L. Teer Company

1220 N. Herndon Street

Arlington, Virginia 22201

A-

2



Parsons, Brinckerhoff - Tudor, Bechtel

425 Market Street

San Francisco, California

also

50 Beale Street

San Francisco, California

also

663 South Van West

San Francisco, California

S & M Constructors, Inc.

29125 Hall Street

Solon, Ohio 44139

Traylor Bros., Inc.

Box 5165

Evansville, Indiana 47715

II . Foreign

E. Roy Anderson

29 Jen AI Road

Sec . , 4 Apt . 5A

Taipei, Taiwan

Consultores Gerais Ltda

.

Caixa Pastal 30125

Sao Paulo, Brazil

Fried. Krupp Gmdlt, Krupp Universalbac

43 Essen

Buddestrausse 4, Germany

A-
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Obayashi - Gumi , Ltd.

3, 2 -Chome, Kanda Tsukasa -Cho

Chiyoda -Ku,

Tokyo, Japan

Toronto Transit Commission

1900 Yonge Street

Toronto, Ontario M4S 1Z2

Canada
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SURVEY FORM

Circle description which best fits.

1. Name of Excavation Length

Location Size

2a. Type of Excavation - Cut & Cover Tunnel Other

2b. Use of Excavation - Subway, Railroad, Water, Sewer, Utility,

Vehicular, Other

3. Type and Condition of Ground - Hard Rock, Soft Rock, Sand, Clay,

Silt, Wet, Dry, Moist, Other

4. Was a soil or rock exploratory program conducted? Yes No

If answer is Yes, were the number of borings adequate to define

all conditions encountered? Yes No

If No, explain

3 3
5. Volume of Excavated Material Rock m Sand m

Clay m
3

Silt m
3

Other m 3
Other m 3

Was muck modified/treated in any way before/after use? Yes No

a) By whom?

b) Describe

6 . How was excavated material used?

7.

Was excavated material suitable for the construction of future

structures thereon after placement? Yes No

If No, describe

8

.

Was Contractor directed to dispose of the muck in a specific

location? Yes No

If Yes, describe method of instruction (i.e. specifications, etc.)

If No, describe Contractor's procedures for finding locations to

dispose of muck

A-
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8

.

(cont )

.

Was muck sold? Yes No

By Whom?

To Whom?

9.

Was the utilization of the excavated material (muck) beneficial to

the public interest? Yes No

Explain:
10.

Additional comments (use additional sheets if required)

By : Name

Company

:

Address

:

Telephone No.

A-
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APPENDIX B

TYPICAL GRADATION CURVES FOR ROCK MUCK

GRAIN SIZE DISTRIBUTION
U S STANDARD SIEVE SIZE

COBBLES
GRAVEL SAND

SILT OR CLAY
COARSE

|
FINE coarse] MEDIUM

|

FINE

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U. S ARMY

Sample Coefficient of Coefficient of

No. Description Uniformity, C Curvature, C„

gravelly coarse to

fine SAND

40 0.3

2 & 3 gravelly coarse to

fine SAND

95 0.1

gravelly coarse to

fine SAND

68 0.1

gravelly coarse to

fine SAND

83 0.1

FIGURE B-l. GRADATION CURVES FOR TBM MUCK,
SAMPLES 1 THROUGH 5 [3-16]
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PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION

0 . . - . .Ip
1000 100 10 L0 01 001 Q00I

GRAIN s/ze IN MILLIMETERS

GRAVEL SAND

COARSE
]

FINE COARSE
|

MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U. S ARMY

Sample
No. Description

sandy coarse to

fine GRAVEL

Coefficient of

Uniformity,

24

Coefficient of

Curvature, C
^

2.7

gravelly coarse to 38

fine SAND, trace silt

gravelly coarse to 66

fine SAND, trace silt

2.0

0.2

FIGURE B-2

.

GRADATION CURVES FOR TBM MUCK,
SAMPLES 6 THROUGH 8 [3-16]
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GRAIN SIZE DISTRIBUTION
u.s. standard sieve size

GRAVEL SAND

COARSE
|

FINE C0ARSE| MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U.S ARMY

Sample
No. Description

Coefficient of Coefficient of

Uniformity, C
^

Curvature, C
^.

coarse to fine SAND,

little gravel
10 0.6

10 coarse to fine SAND,

little gravel

11 gravelly coarse to

fine SAND
29

0.8

1.1

12 sandy coarse to fine
GRAVEL

13 1.4

FIGURE B-3

.

GRADATION CURVES FOR TBM MUCK,
SAMPLES 9 THROUGH 12 [3-16]
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PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION

lOOl—

90

80

70

60

50

40

30

20

10

0
1000

GRAIN SIZE IN MILLIMETERS

GRAVEL SAND

COARSE
]

FINE coarse| MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASS!FICATION SYSTEM, CORPS OF ENGINEERS, U.S ARMY

Sample
No. Description

Coefficient of
Uniformity,

13 coarse to fine GRAVEL, 63
little sand

14 coarse to fine SAND, 28

little gravel, little
silt

15 sandy coarse to fine 56
GRAVEL, trace silt

Coefficient of
Curvature,

7.9

0.6

5.8

FIGURE B-4

.

GRADATION CURVES FOR TBM MUCK,
SAMPLES 13 THROUGH 15 [3-16]
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GRAIN SIZE DISTRIBUTION
US. STANDARD SIEVE SIZE

GRAVEL SAND

COARSE
|

FINE COARSE
|

MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U S ARMY

Sample
No. Description

16 coarse to fine SAND,

little
gravel

17 sandy
GRAVEL,

silt, little

coarse to fine
little silt

Coefficient of
Uniformity,

43

97

22

Coefficient of
Curvature, C

^

1.1

0.8

0.818 gravelly coarse to
fine SAND

FIGURE B-5

.

GRADATION CURVES FOR TBM MUCK,
SAMPLES 16 THROUGH 18 [3-15]
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GRAIN SIZE DISTRIBUTION
U. « STANDARD SICVS SUB

GRAVEL SAND

COARSE
|

FINE C0ARSE| MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASS! FICATION SYSTEM. CORPS OF ENGINEERS, U S ARMY

Sample
No. Description

Coefficient of Coefficient of

Uniformity, C Curvature, C
c

19 gravelly coarse to 40 0.6

fine SAND, little
silt

20 gravelly coarse to 120 0.2

fine SAND, little

silt

21 coarse to fine GRAVEL, 329 24.7

little sand, trace

silt

FIGURE B-fi. GRADATION CURVES FOR TBM MUCK,
SAMPLES 19 THROUGH 21 [3-15]
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PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION

COBBLES
GRAVEL SAND

COARSE
|

FINE COARSE] MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U S ARMY

Sample
No. Description

Coefficient of Coefficient of
Uniformity, C

^
Curvature, C

^

22 sandy coarse to fine 325
GRAVEL, little silt

3.3

23 silty coarse to fine 18 0.8
SAND

24 gravelly SILT, little
sand, trace cobbles

FIGURE B-7

.

GRADATION CURVES FOR TBM MUCK,
SAMPLES 22 THROUGH 24 [3-15]
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GRAIN SIZE DISTRIBUTION
u s. standard sieve size

COBBLES
GRAVEL SAN D

COARSE
|

FINE coarse| MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U.S ARMY

Sample
No. Description

Coefficient of

Uniformity,

25 gravelly coarse
to fine SAND

26

26 sandy coarse to fine
GRAVEL, trace cobbles

27 gravelly coarse to 133

fine SAND, little silt

Coefficient of
Curvature

,

C„

1.5

0.3

FIGURE B-8. GRADATION CURVES FOR TBM MUCK,
SAMPLES 25 THROUGH 27 [3-15]
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PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION
U S. STANDARD SIEVE SIZE

COBBLES
GRAVEL SAND

COARSE
|

FINE coarse] MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM, CORPS OF ENGINEERS, U.S ARMY

Sample
No. Description

Coefficient of Coefficient of

Uniformity, C
^

Curvature, C
^

28 sandy coarse to fine
GRAVEL, trace silt

47 3.6

29 sandy coarse to fine
GRAVEL, trace silt

38 4.0

30 sandy coarse to fine
GRAVEL, trace silt

300 16.3

FIGURE B-9. GRADATION CURVES FOR TBM MUCK,
SAMPLES 28 THROUGH 30 [3-15]

B-9



PERCENT

FINER

BY

WEIGHT

loop—

90

80

70

60

50

40

30

20

10

ol
1000

GRAIN SIZE DISTRIBUTION
US. STANDARD SIEVE SIZE

GRAIN SIZE IN MILLIMETERS

GRAVEL SAND

COARSE
|

FINE COARSE
|

MEDIUM
|

FINE
SILT OR CLAY

UNIFIED SOIL CLASSIFICATION SYSTEM. CORPS OF ENGINEERS. U. S ARMY

Sample
No . Description

Coefficient of Coefficient of

Uniformity, C
^

Curvature, C
^,

31 sandy coarse to fine
GRAVEL, some silt,

trace cobbles

32 sandy coarse to fine 95 11.1
GRAVEL, little silt

33 coarse to fine GRAVEL, 133 12.0
little sand, trace silt

FIGURE B-10. GRADATION CURVES FOR TBM MUCK,
SAMPLES 31 THROUGH 33 [3-15]
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PERCENT

FINER

BY

WEIGHT

GRAIN SIZE DISTRIBUTION
US. STANDARD SIEVE SIZE

COBBLES
GRAVEL SAND

SILT OR CLAY
COARSE

|

FINE COARSE

]

MEDIUM
|

FINE

UNIFIED SOIL CLASS! F/CAT/ON SYSTEM, CORPS OF ENGINEERS, U.S ARMY

Sample Coefficient of Coefficient of

No. Description Uniformity, C„ Curvature, C„

34 gravelly coarse to

J

43

j

i

—

1

pH

fine SAND, trace silt

35 gravelly coarse to 52 o1
—

1

fine SAND, little silt

36 sandy coarse to 50 1.0

fine GRAVEL

FIGURE B-ll. GRADATION CURVES FOR TBM MUCK,
SAMPLES 34 THROUGH 36 [3-15]
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GRAIN SIZE DISTRIBUTION

100

90

80

70

10 01

CRA'N SIZE IN MILLIMETERS
001 0001

COBBLES
GRAVEL SAND

SILT OR CLAY
COARSE

]

FINE coarse| MEDIUM
|

FINE

UNIFIED SOIL CLASS! FICATION SYSTEM, CORPS OF ENGINEERS, U. S ARMY

Sample Coefficient of Coefficient of
No. Description Uniformity, C„ Curvature, C

„

37 coarse to fine GRAVEL
with cobbles

70 2.9

38 coarse to fine GRAVEL
with cobbles

58 2.6

39 coarse to fine GRAVEL
with cobbles

18 0.9

40 coarse to fine GRAVEL
with cobbles

50 2.4

41 coarse to fine SAND,
little silt

15 2.4

FIGURE B-12. GRADATION CURVES FOR DRILL AND BLAST
MUCK, SAMPLES 37 THROUGH 41 [3-15]
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APPENDIX C

FUNCTIONAL STEPS FOR PROGRAM IMPLEMENTATION [lO-l]
SOURCE: KBS; p. 67

1. Planning Studies, Reviews and Recommendations by the Chicago De-
partment of Development and Planning.

2. Decision to Implement Program by Mayor.

3. Assignment of Program to Chicago Department of Public Works for
Implementation

.

4. Establish Organization for Program Administration, Staff and Fund.

Some functional responsibilities are:

(a) Research and Data Collection for Project.

1) Evaluation of past and current research.

2) Initiate and control new research and data collection.

3) Liaison and coordinate with other agency data collection
and instrumentation.

(b) Engineering

1) Studies, criteria, stage sequencing, surveys, investi-
gations, etc.

2) Design and Specifications, utility arrangements, etc.

3) Contract Administration, technical inspection, mate-
rials control, etc.

(c) Interagency Liaison and Coordination

1) Interagency Agreements.

2) Implementation of Policy Guidance.

3) Maintain, Channels of direction and information.

4) Planning and Regulatory agency liaison.

5) Liaison with all affected public agencies.

(d) Financing and Cash Flow.

1) Grant Applications.

2) Requests for Appropriations.

C-l



3) Cash Flow and Bookkeeping.

4) Participating Agency Accounting.

(e) Information and Public Contact.

1) Public information and media.

2) Complaints and requests.

3) Public Hearings assistance.

4) Citizen Group Contact.

(f) Legal Liaison.

1) Determine needed and desirable legislation for all le-
vels of Government.

2) Assist and provide information for preparation of Leg-
islation.

3) Determine needs and assist in necessary acquisitions.

4) Provide information and assistance related to legal
matters

.

5) Legal aspects of interagency agreements.

5. Prepare Engineering Report for first stages of the project. Pre-
pare Environmental Impact Statement for first stages of the project.

The preparation of these documents requires close coordination
with participatory, policy and regulatory agencies and should utilize
input from agencies which can provide advisory services.

The purpose of these documents is to provide a framework for de-
sign and to reduce the number of hearings and the time required for
reviews of individual elements of the project.

Because of the need to coordinate with early construction sche-
dules of portions of the Tunnel and Reservoir project, it will not be
practical to delay initial critical element design until these docu-
ments are available. A certain risk that early designs may not be op-
timum in terms of the total project should be off-set by the sure
value of being able to use the available spoil for landfill.

Determine Financing and Scheduling.

Tentative scheduling and financing developed in the Enginneering
Report should be refined as detailed interagency agreements are de-
veloped.

C-2



6. Investigate Possible Participatory Agencies and Possible Funding
Agencies and negotiate interagency agreements among the primary Agen-
cies involved.

7. Establish Policy Guidance and Control Organization and Arrange-
ments .

8. Formulate Design Criteria, standard specifications and set up pro-
cedures for initial contract administration and cash flow.

9. Prepare Preliminary designs for critical elements of frrst stage
construction. This work includes field control surveys, lake bottom
mapping, and necessary subsurface investigations. This step is criti-
cal with respect to timing as field work is constrained by weather and
season.

10. Acquire needed riparian rights for the critical portions of the
project. This work should begin as early in the project as possible
and if pursued diligently may not be a critical consideration in sche-
duling.

11. Submit preliminary plans for first stage critical portions of the
project and overall early stage Engineering Report, Environmental
Studies and Impact Statements to regulatory agencies for review. As-
sist in publicity and public hearings. Obtain all necessary permits
and approvals.

If both preliminary detail plans for critical portions of the
project and reports for total early project stages can be coordinated
so that reviews and hearings for both can be made at the same time, it
should be possible to reduce the time required for reviews.

Normal reviews for public works projects vary in time from a few
months to sometimes a year or two. It will be necessary to obtain
commitments from reviewing agencies to set up special review channels
and to assign priority to this project in order to shorten the time
required for this step of the program.

(a) Regulatory Agency approvals.

1) All Federal approval requests are submitted to the
U.S. Army Corps of Engineers who deal with the appro-
priate Federal Agencies and who will schedule and hold
necessary public hearings.

2) All State of Illinois approval requests are submitted
to the Department of Transportation who deal with the
appropriate State Agencies.

3) Approval requests to Independent Bodies are handled
individually

.

4) Approval requests to City of Chicago Agencies would be

handled by normal channels through the Department of

Public Works.
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(b) Policy Approvals should be channeled through a policy gui-
dance control organization set up for that purpose.

(c) Participatory Agency approvals should be handled through
normal coordination channels.

12. Begin field work and preliminary design work for second stage
portions of the project. Prepare environmental statements.

This work should be scheduled to permit field work to be done
without winter interruption.

13. Complete final design of critical contracts. Detail design work
normally would continue during the period of regulatory agency review.
A certain period of time after permits are received is necessary to
put plans and contract documents in final form.

14. Approve, advertise and let critical contracts. This operation is
standardized by each public agency. It is prudent to allow about 90
days for these contractual operations.

Contracts should be let as early in the year as possible to ob-
tain better competitive bidding and to take full advantage of the con-
struction season.

15. Begin construction of critical contracts.

16. Reviews and issue permits for the second stage design contracts.
Public hearings may or may not be required.

17. Complete design of second stage contracts.

18. Approve, advertise and let second stage contracts for spring con-
struction .

19. Repeat appropriate steps for future portions of the project.
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APPENDIX D

REPORT OF INVENTIONS

The findings of this study, as reported herein, are primarily
planning concepts and recommendations to be applied for utilization of
excavated tunnel materials in tunnel construction. Development of
these recommendations did not require the manufacture or preparation
of patentable inventions. There were no patentable inventions or
discoveries resulting from this work.

G. S. GOVERNMENT PRINTING OFFICE: 1978— 701-981--243

D-l/D-2





1

;



D

DOT LIBRARY

D OTSS?
i I •

\ I

•

</>

gj
oo

(J1

00

"D
>
3
2m
Z
-t

o

z

"D

>
om

£

mm
co

-v
>
5

S.

DEPARTMENT

OF

TRANSPORTATION

TRANSPORTATION

SYSTEMS

CENTER

KENDALL

SQUARE.

CAMBRIDGE.

MA.

02142


